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ABSTRACT 
The genus Glycine is divided into two subgenera, subgenus Soja and subgenus Glycine. 
One of the member species of subgenus Soja, soybean (Glycine max) is an important crop plant 
that has been extensively studied. Unlike soybean, the perennial wild relatives in subgenus 
Glycine are less well known even though they possess both an interesting evolutionary history of 
speciation and polyploidization, and a possible potential as a source of diversity to expand the 
current soybean gene pool. Most studies on the member species of subgenus Glycine have 
focused on either their taxonomic aspects or the history of polyploidization within this subgenus. 
In this thesis we try to expand the scope of the studies in the member species of the subgenus 
Glycine by looking at the evolution and expression of their genes. 
We first look at the evolutionary forces that drive the speciation between soybean and its 
perennial wild relatives. We leveraged the use of de novo transcriptome assembly to gain access 
to the transcriptome of the perennial wild relatives of soybean.  Using 2,430 orthologous genes 
shared between soybean and the perennial wild Glycine we perform test to detect signature of 
selection acting on the protein coding sequence. We found five genes that show signatures of 
selection in this study. One of the genes that we found, Glyma02g00320 showed positive 
selection in the soybean lineage. Along with several nucleotide variants, we also found a 24-
base-pair sequence deleted in the 5’-region containing the putative signal peptide. 
Glyma02g00320 encodes for a BolA4-like protein, a protein with known conservation across the 
three different domains of life, Archaea, Bacteria, and Eukaryote. In silico prediction on the 
subcellular localization of soybean BolA4-like protein suggested a dual targeting nature between 
chloroplast and mitochondria. A similar BolA protein in Arabidopsis thaliana has been 
implicated in the mediation of redox homeostasis. Changes in distribution of this BolA4-like 
protein due to the 24-base-pair deletion in the soybean lineage would likely make this protein 
differently distributed in soybean compared to its perennial wild relatives. Whether the predicted 
changes does have effect on soybean redox homeostasis compared to wild perennial Glycine is 
still an open question that merits further investigation. 
 We also look at the changes in gene expression on an allotetraploid species and its 
diploid progenitors species in the subgenus Glycine following exposure to high light stress. We 
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compared the overall expression of homeologous gene pairs (duplicated genes due to whole 
genome duplication) with the expression of its homologous genes in its diploid progenitors. We 
observed that a majority of the genes observed showed equal level of expression between the 
allotetraploid Glycine and its diploid progenitors, with only a small fraction of the genes 
observed showing unequal expression levels. We also found that the homeologous gene pairs in 
allotetraploid Glycine displayed differential pattern of homeolog expression bias after exposure 
to high light stress across hundreds of genes. The extent of the observed differential pattern of 
homeolog expression bias across hundreds of genes suggests a regulatory mechanism that acts on 
a group of genes, one possible example mechanism involving the maintenance of DNA 
methylation level of said genes. The promoters of soybean orthologs of the genes showing 
differential pattern of homeolog expression bias were enriched for two distinct, non-overlapping 
subsets of known cis-regulatory motifs related to light and / or hormone response. Taken 
together, this would suggest that expression sub-functionalization achieved through differential 
pattern of homeolog expression bias may have an important role in the increase adaptability of 
allotetraploid species to a wider range of environmental conditions.  
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CHAPTER 1: GENERAL INTRODUCTION 
 
Introduction 
Soybean (Glycine max) is one of the important crops for US agriculture. The output of 
US soybean agriculture was 3.03 billion bushels for the year 2012 (USDA NASS, 2013), used 
widely for food, animal feed, and various industrial purposes. As the demand for soybean use in 
food and bioenergy increases, more and more challenges are threatening the sustainability of the 
US soybean production. These challenges come in the form of pathogens and climatic changes to 
name a few. Some of those challenges can be overcome through the use of better agricultural 
practices. Another approach to address the challenges in maintaining and even increasing US 
soybean production can be achieved through the exploration of genetic resources of soybean 
genetic pool for breeding purpose, introducing valuable traits that could contribute for future 
soybean production. Several breeding project have successfully introduce valuable traits from the 
soybean genetic pool such as soybean cyst nematode (SCN) resistance (Concibido et al., 2004)  
and soybean rust fungus (Hartman et al., 2005). 
Despite success in exploiting the soybean genetic pool to find and introduce valuable 
traits, one obstacle still looms ahead. The narrow nature of the soybean genetic pool caused by 
the domestication in Asia to produce various landraces, the selective introduction of few 
landraces to North America, followed by the selective breeding to generate the high-yielding 
cultivars has been described before (Hyten et al., 2006). Domesticated soybean derived all of its 
diversity from a subset of the population of the wild ancestor G. soja. This fact leads to a 
bottleneck scenario for diversity in the soybean gene pool. The next course of action is therefore 
to expand the soybean gene pool by including the gene pool from G. soja in soybean breeding 
programs.  
G. soja itself exhibited several undesirable characteristics for breeding purposes such as 
vining, lodging susceptibility, lack of complete leaf abscission, seed shattering, and small black 
coated seeds. However the undesirable traits from G. soja can be separated from the more 
desirable traits during the breeding steps through successive backcross generation, and possibly 
through the use of marker-assisted selection (Ratnaparkhe et al., 2011). Several studies have 
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successfully introduced traits such as higher seed yield (Concibido et al., 2003), and SCN 
resistance (Wang et al., 2001)  from G. soja to soybean by introgression to increase the diversity 
of cultivated soybean.  
Although the introduction of G. soja genetics to the soybean gene pool remain a 
promising prospect for increasing diversity, soybean and G. soja share a close evolutionary 
relationship, as shown by the relative ease in the creation of hybrids between soybean and G. 
soja. The ease of hybridization between soybean and G. soja has been attributed to the 
domestication history of soybean from G. soja, where many of the allele variants in the soybean 
gene pool were inherited from the original G. soja founder populations (Sherman-Broyles et al., 
2014a). A study on the diversity of the G. soja gene pool by Hyten et al. (2006) revealed that G. 
soja itself has unusually low levels of sequence diversity for a wild crop species. This may be 
due to the effective population size, demography, and the autogamy nature of G. soja. This 
finding leads to the concern that expanding the soybean gene pool by introducing alleles from G. 
soja, might not offer a very great increase in the diversity. 
Another source of diversity that has not been fully explored for breeding purposes are the 
wild perennial relatives of soybean and G. soja. Unlike soybean and G. soja, which are annual 
plants, the wild Glycine species are perennial plants. Perennial Glycine species are mostly found 
in Australia across multiple environmental conditions. The members of subgenus Glycine display 
a greater degree of both morphological and genetic diversity compared to the members of 
subgenus Soja (Ratnaparkhe et al., 2011). The perennial Glycine species have been found to 
harbor resistance against soybean pathogens such as soybean rust fungus and SCN, while the 
wide range of habitats in which perennial Glycine species are found would suggest that they 
possess a higher degree of adaptation to abiotic stress (Sherman-Broyles et al., 2014a). 
The significant difference between the genomes of the species in the Glycine and Soja 
subgenera were thought to be the main factor behind unsuccessful attempts to create 
intersubgeneric hybrids between the Glycine and Soja subgenera, manifested by pod abortion 
and abscission after crossing. However, Singh and Nelson (2014) have shown that it is possible 
to obtained viable progeny from intersubgeneric hybridizations through the use of an embryo 
rescue technique followed by colchicine treatment and further backcrossing against the soybean 
background. The ability to create hybrids through intersubgeneric crossing is thus of interest to 
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soybean breeders, because it harbors the potential to allow exploitation of wild perennial Glycine 
germplasm to expand the current soybean gene pool. 
 
History and evolution of species in the genus Glycine 
The genus Glycine consists of 28 species divided into two subgenera: the annuals in 
subgenus Soja, with two species members (G. soja and cultivated soybean), and the perennials in 
subgenus Glycine, consisting of 26 species, which include both diploid and tetraploid species 
(Ilut et al., 2012; Ratnaparkhe et al., 2011; Sherman-Broyles et al., 2014a). G. soja and soybean 
are distributed in the Eastern Asia region, which includes China, Japan, Korea, and part of 
Russia. It has been hypothesized that soybean was domesticated from G. soja in at least three 
major or minor areas: southern China, the Yellow River, and northeastern China, approximately 
5,000 – 6,000 years ago (Sherman-Broyles et al., 2014a). The members of the subgenus Glycine, 
both diploid and tetraploid, were mostly distributed in Australia, encompassing a number of 
different habitats including deserts, sandy beaches, rocky outcrops, and monsoonal, temperate, 
and subtropical forest (Sherman-Broyles et al., 2014a).  
Soybean is considered to be an allopaleopolyploid species that has undergone a 
diploidization process. Since the polyploidization event occurred, between 5-10 Million Years 
ago (MYa), the two homeologous copies of the genome have begun to segregate independently 
(Doyle and Egan, 2010; Gill et al., 2009; Schmutz et al., 2010; Severin et al., 2011). The 
diploidization events were then followed by the divergence of annual and perennial Glycine 
species (Doyle and Egan, 2010). Soybean also shared with other Legumes a Legume-specific 
polyploidization event at much earlier time around 58 Mya (Severin et al., 2011). The genus 
Glycine also contains species that are allopolyploids (G. tomentella, G. dolichocarpa, and G. 
pescaderensis) and autopolyploids (G. tabacina) (Sherman-Broyles et al., 2014a). A recent study 
on several of the allopolyploid species in the subgenus Glycine showed that they were formed 
circa 0.3 MYa based on estimation of allele divergence between diploid and polyploid species 
(Bombarely et al., 2014). 
There is a high degree of diversity within the genus Glycine in terms of both morphology 
and genomic sequence. Morphologically we can observe notable differences between the 
cultivated soybean and its wild relatives, G. soja and perennial Glycine species. Soybean possess 
a more bush-type growth habit with a stout primary stem and sparse branches, with large seed 
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size, and pods that do not shatter, all of which are characteristics collectively designated as 
domestication syndrome (Ratnaparkhe et al., 2011) due to selection on plant architecture, seed 
size, and pod indehiscence (Sherman-Broyles et al., 2014a). This is in contrast to the 
characteristics of wild soybeans that tend to be procumbent or twiney plants with many branched 
stems with small and coarse seeds.  
Diversity at the genomic level has also been reported within the genus Glycine. At the 
level of chromosomes, polymorphism in the number of chromosomes for both diploid and 
tetraploid species have been reported, with the diploid species in the genus Glycine having 
chromosome number polymorphism of 2n=38 or 2n=40 for diploid species, and chromosome 
polymorphism of 2n=78 or 2n=80 for tetraploid species (Ratnaparkhe et al., 2011). Earlier 
studies on the genomic relationship between species in the genus Glycine were performed by 
means of interspecific crossing, which provide an indirect method to assess the degree of 
genome relationship between parental species. Generally, interspecific crosses between parents 
of similar genomes would produce pods, F1 seeds, and fertile hybrids, while crosses involving 
dissimilar genomes would resulted in seed abortion, and hybrids that are, if obtained, sterile 
(Singh and Nelson, 2014; Singh et al., 1998). For example, a cross between soybean and G. soja 
produces fertile hybrid progeny, which suggests the close relationship between soybean and G. 
soja. In contrast, crosses between soybean and several perennial Glycine species could only 
produce progeny after embryo rescue which resulted in sterile hybrids, which suggests that there 
exist a low degree of genomic relationship between soybean and the perennial species of Glycine 
(Ratnaparkhe et al., 2011). 
The study of relationships between species in the genus Glycine was expanded through 
the inclusion of cytogenetic (Singh et al., 1998) and molecular studies using RFLP of 5S (Doyle 
and Brown, 1989), 18S and 26S (Doyle and Beachy, 1985) nuclear ribosomal DNA (rDNA), 
RFLP of chloroplast DNA (cpDNA) (Doyle et al., 1990a, 1990b), and sequencing of internal 
transcribed spacers (ITS) of rDNA (Kollipara et al., 1997; Singh et al., 1998). Based on the 
studies above, the genomes of all the species in the genus Glycine were be grouped into 9 
genome groups designated as A – I diploid genome groups. Both of the species in the subgenus 
Soja, soybean and G. soja were grouped in the G genome group, which confirmed earlier results 
that suggested the two species shared similar genomes based on crossing and cytological studies 
(Ratnaparkhe et al., 2011).  
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All of the tetraploid species within the genus Glycine were taxonomically grouped as part 
of the subgenus Glycine under four different species, G. tomentella, G. pescaderensis, G. 
tabacina, and G. dolichocarpa. Two of the species, G. tomentella and G. tabacina, are polyploid 
complexes which contain a mix of both diploid and tetraploid accessions that has not been fully 
resolved and formally recognized (Sherman-Broyles et al., 2014a). Several studies using RLFP 
of cpDNA (Doyle et al., 1990c), 18S-26S rDNA (Doyle et al., 1990b), and sequencing of the 
histone H3-D sequence, a single copy nuclear gene (Doyle et al., 2000), combined with earlier 
crossing studies were used to identify the genome donor of tetraploid accessions and to provide 
support for taxonomic recognition as separate species for diploid and tetraploid accessions in 
both Glycine polyploid complexes (Doyle et al., 2004).  
 
Leveraging transcriptomic data to study species with limited genomic resources  
Advances in sequencing technologies have allowed us to sequence genomes of organisms 
at a relatively affordable cost. But sequencing the genome of an organism does not necessarily 
generate a genome sequence comparable to the reference-quality sequences such as that available 
for soybean cv. Williams 82, due to the challenges in assembling the genome with the current 
short read sequencing technology. Although for genomic and evolutionary studies, the 
availability of the complete genome sequence of the organism of interest would be ideal, the time 
and cost that is needed to obtain a high quality genome assembly makes it not feasible with the 
current technology, especially if the genomes are large and/or polyploid. A study that involves a 
large number of species with no (or scarcely available) genomic resources would be practically 
impossible if high quality genome assemblies were required. 
Transcriptome sequencing coupled with de novo transcriptome assembly offers an 
alternative to genome sequencing by focusing only on the genes being expressed. De novo 
transcriptome assembly methods to obtain transcriptome assemblies using the current short read 
sequencing technology have been shown to be more feasible compared to genome assembly 
(Birol et al., 2009; Vijay et al., 2013). Another advantage is that it allows the use of the RNA-
Seq approach – by mapping individual reads to the de novo assembled transcripts – to study the 
expression pattern of genes under various conditions, and to dissect the underlying network of 
gene regulation that is responsible for a certain phenotype. Since the RNA-Seq reads can be 
mapped to the assembled transcriptome, and in fact the same data can be used for both purposes, 
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the procedure is not only inexpensive but less dependent on annotation quality than the use of 
whole genome sequences for RNA-Seq analysis. Transcriptome sequencing also allows us to 
develop markers based on coding SNPs that are potentially useful for breeding and genetics 
purposes.  
The perennials in the subgenus Glycine have shown potential as a source of genetic 
diversity to expand the current gene pool of soybean to maintain the sustainability of US soybean 
production. The characterization of the genomes of the wild relatives of soybean is thus essential 
in understanding the diversity that exists in the population of perennial Glycine species. Most of 
the studies of the genus so far have been focused on taxonomy and deconvolution of the 
relationship between the species in the genus Glycine (Ratnaparkhe et al., 2011). A recent studies 
in the genomic and gene expression of perennial Glycine species to look at the diversity within 
the expression level of both diploid and tetraploid perennial Glycine have reported new and 
interesting findings regarding the adaptability of perennial Glycine to abiotic stress (Coate and 
Doyle, 2013; Coate et al., 2011, 2013) and the evolution and population genetics of allotetraploid 
Glycine (Bombarely et al., 2014). Still, more research would be needed in the future to expand 
our knowledge on the different genome groups of perennial Glycine as we tap the gene pool of 
perennial Glycine to expand the soybean genetic pool for future soybean breeding. 
 
Study on patterns of lineage specific evolution 
The use of transcriptome sequence data for studying evolution and relationships between 
species have been explored in many organisms, for example plants (Wickett et al., 2014) and 
bees (Woodward et al., 2011). This approach, also known as phylotranscriptomics, analyzes the 
information derived from transcriptome sequencing and de novo transcriptome assembly using 
phylogenetic approaches. Instead of doing phylogenetic analysis on a gene-by-gene basis, 
phylotranscriptomics combines the information from each orthologous gene shared between the 
species of interest into one phylogenetic analysis. This allows the analysis to model the evolution 
of the species while at the same time reducing the possible bias due to different evolutionary 
processes acting on individual genes.  
Comparative study on the evolutionary process acting across multiple species requires a 
tool or metrics that can detect past acting selection between the species studied. The major tool 
commonly used for such study is dN/dS (Ka/Ks) ratio test, which basically compare the ratio of 
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non-synonymous mutation per non-synonymous site to the number of synonymous mutation per 
synonymous site (Nielsen, 2005). If there is no selection acting on the coding region, based on 
neutral theory of evolution, synonymous and non-synonymous mutations should occur at the 
same rate, leading to an expected dN/dS ratio equal to 1. Negative selection acting on the coding 
region would lead to a dN/dS ratio < 1, while positive selection would lead to a dN/dS ratio > 1. 
This makes dN/dS ratio a suitable proxy for the study of evolutionary process since it not only 
offer a metric to measure selection, but also the directionality of the selection (Nielsen, 2005). 
Application of dN/dS for detecting positive selection have been reported in many organism such 
as Potato virus Y (PVY) (Moury and Simon, 2011), plants (Kapralov et al., 2011), and insect 
(Roux et al., 2014) to name a few. 
Phylotranscriptomic analysis provides us with a species tree, which models the 
evolutionary relationships between the species of interest. A species tree, in combination with 
analytical methods such as dN/dS analysis, enables researchers to find genes under positive or 
purifying selection across the species being studied, and to study what evolutionary process are 
acting on coding regions responsible for protein production (Kapralov et al., 2011; Kryazhimskiy 
and Plotkin, 2008; Moury and Simon, 2011; Mugal et al., 2014). Studies using 
phylotranscriptomic approaches in combination with dN/dS analysis have been reported, for 
example to study the convergent evolution of eusociality in bees across different lineage of bees 
(Woodward et al., 2011)     
The high diversity observed between soybean and the perennial Glycine species would 
suggest speciation events that are driven by evolutionary forces acting on different genome 
lineages within the genus Glycine. A phylotranscriptomic study to compare perennial Glycine 
diploid species and soybean could therefore allow us to uncover the evolutionary forces that 
drive the high diversity observed within the genus Glycine. Unfortunately, phylotranscriptomic 
study on the polyploid species is limited mainly due to the challenges in discerning homeologs 
within the genome of polyploid species, although several approach have been proposed to 
circumvent this based on the study in the hexaploid common wheat (Triticum aestivum) and 
tetraploid durum wheat (T. turgidum) (Krasileva et al., 2013; Leach et al., 2014; Ranwez et al., 
2013) 
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Expression of homeologs following polyploidization event 
The genus Glycine contains a preponderance of polyploid accessions taxonomically 
grouped under four different species. The polyploids in genus Glycine arise from either 
autopolyploidization events where intraspecific whole genome duplication has occurred, as is the 
case for polyploid accessions in G. tabacina (B genome group), or through allopolyploidization 
events in which interspecific hybridization occurred between different species leading to the 
union of two or more dissimilar genomes, as is the case for the polyploid accessions in G. 
tomentella (pairwise combination of D, E, and H genome groups), G. pescaderensis (A and B 
genome groups), and G. dolichocarpa (A and D genome groups) (Sherman-Broyles et al., 
2014a).  
Due to the nature of their origin, polyploid species face a different set of challenges 
compared to their diploid counterparts in regards to maintaining the balance between the two or 
more different sets of genomes. McClintock (1984) described an aptly named phenomena called 
genome shock in which the genomes of polyploid species undergo changes in genome 
organization and behavior as a response to the sudden appearance of multiple genome copies. 
Further investigations on how genome shock manifests itself have reported a wide range of 
responses ranging from gene loss, chromosome mispairing, transposon activation, changes in 
methylation pattern and rearrangement between the original genome sets (Cox et al., 2014; 
Parisod et al., 2010).  
Given the drastic effects resulting from the direct combination of two or more genome 
sets in one species, it would also be logical to think that the effects of genome shock would also 
affect the regulation of gene expression in polyploid species. In line with the genome shock 
hypothesis for the observed changes in the genome following ploidization, it has been proposed 
that a transcriptomic shock, defined as sudden changes in gene expression following the 
merging/mixing of two dissimilar genome each with its own transcription factor and chromatin 
profiles (Adams, 2007; Osborn et al., 2003) occurs following polyploidization.  
Indeed, the changes in global gene expression level have been observed in allopolyploid 
species in the form of expression level bias and homeolog expression bias. In expression level 
bias, the overall expression of homeologs (i.e. the combined expression level of a group of two 
or more homeologs, as measured by microarray technology) in polyploid species either follows 
the level of expression of either one of the diploid parents or even a new, transgressive 
 9 
expression level, regardless whether the diploid parent expression is dominant or recessive in 
respect to the other diploid parent. In the case of homeolog expression bias, the expression of one 
homeolog shows bias compared to other homeologs. Both expression level bias and homeolog 
expression bias have been observed in different species such as cotton (Flagel et al., 2012; Yoo 
et al., 2013), coffee (Combes et al., 2012), and even on the fungi Epichloe (Cox et al., 2014) 
suggesting a conserved mechanism in which the global changes in expression due to 
polyploidization manifest themselves.  
Even though the phenomenon of transcriptome shock is conserved across kingdoms, little 
is known of the underlying mechanisms that bring about the changes in gene expression level 
after changes in ploidy levels. Although some of the changes in gene expression have been 
attributed to deletion of orthologous gene clusters from one or both of the genome sets (Cox et 
al., 2014), for many of the observed changes in gene expression, feasible underlying mechanisms 
have not yet been elucidated.  
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CHAPTER 2: STUDY OF MOLECULAR EVOLUTION PATTERNS IN 
THE GENUS Glycine 
 
Abstract 
The genus Glycine presents a very interesting evolutionary history of speciation within a 
genus. Members of the genus Glycine are grouped into two subgenera and different genome 
lineages. Speciation events have led to diverse phenotypic appearances and geographic 
distribution, with gene flow through interbreeding still possible. We analyzed genic sequences 
and examined signatures of selection between genome lineages within the genus Glycine using 
de novo transcriptome assembly of 12 wild Glycine accessions representing 5 wild Glycine 
species. We assembled contiguous sequences for 2,430 orthologous genes shared between 
soybean and the 12 wild Glycine accessions. Five genes were found to show signatures of 
positive selection, with one of them, Glyma02g00320, appearing to be positively selected in the 
soybean genome lineage. Several variants within the sequence of Glyma02g00320 were soybean 
specific, including a prominent 24-base-pair sequence deleted in the 5’-region containing the 
signal peptide. Glyma02g00320 encodes for a BolA4-like protein, with a possible role in 
mediating redox homeostasis in chloroplast and mitochondria. Changes in the intracellular 
distribution of BolA4-like protein in both organelles due to the 24-base-pair deletion could 
change the redox homeostasis in soybean compared to wild Glycine species. 
 
Introduction 
The members of the genus Glycine have showed a range of contrasting phenotypic 
characteristics, such as annual and perennial life cycles and different physical stature. Several of 
these characteristics can be attributed to one of the two subgenera in the genus Glycine. For 
example, an annual life cycle is a common property of the member of subgenus Soja, while a 
perennial life cycle is common to member of subgenus Glycine (Sherman-Broyles et al., 2014). 
Seed size is another one of the contrasting phenotypic characters, with cultivated soybean having 
the largest seed size compared to other member of genus Glycine (Ratnaparkhe et al., 2011).  
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All of these characteristics that seem specific to either a certain subgenus or even to only 
one species can be seen as the end results of the evolutionary process that shaped the speciation 
in the genus Glycine, be it through evolutionary selection or domestication. A lineage specific 
evolutionary pattern has been reported in the study of origin of sociality in bees (Woodward et 
al., 2011). Woodward et al (2011) reported that sociality in bees arose independently in several 
lineages, but that eusocial lineages show similar evolutionary patterns acting on a specific set of 
genes.  
It is possible that the traces of evolutionary forces shaping the speciation in the genus 
Glycine could still be seen at the DNA sequence level in orthologous genes shared across all 
species in the genus. A genome wide dN/dS analysis approach such as the one applied in 
Woodward et al. (2011) could be used to study genes under positive or purifying selection within 
the genus Glycine, and try to understand what evolutionary process are acting on coding regions 
responsible for protein production. 
A genome wide analysis requires the availability of gene sequences from species of 
interest. These are not publicly available at the time of writing for the genus Glycine, since 
currently only cultivated soybean has had its genome completely sequenced (Schmutz et al., 
2010).  A similar problem was also encountered by Woodward et al (2011), in which they 
applied high throughput sequencing of  Expressed Sequences Tags (EST) generated by GS-FLX 
sequencing chemistry (Roche Life Sciences). The use of high throughput sequencing in 
Woodward et al. (2011) bypasses the need to sequence the genome of the species of interest. 
With the current advances in high throughput sequencing technologies and bioinformatics, 
transcriptome sequencing offers a more feasible approach to access the gene space of the species 
of interest through de novo transcriptome assembly (Birol et al., 2009; Vijay et al., 2013). 
Transcriptomic sequencing, also known as RNA-Seq, offers dual advantages since it allows the 
researcher to not only gain access to gene space sequence data, but also to simultaneously 
measure the expression levels of assembled transcripts (Kapralov et al., 2011; Kryazhimskiy and 
Plotkin, 2008; Moury and Simon, 2011; Mugal et al., 2014).  
Here we leverage de novo transcriptome assembly to obtain access to the gene space of 
wild Glycine species without the need for genome sequencing. We employ reciprocal blast and 
phylotranscriptomic methods to identify orthologous genes shared between soybean and other 
members of the Glycine genus, and study evolutionary patterns to investigate the selective forces 
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acting on different genome lineages in the genus Glycine. We also discuss the challenges in 
phylogenomic study with paleoplolyploid species such as soybean. 
 
Materials and Methods 
Plant material 
RNA-Seq data was obtained in collaboration with Dr. Jeff Doyle and colleagues from 
Cornell University. The plant materials consisted of 12 diploid wild Glycine accessions obtained 
from Commonwealth Scientific and Industrial Research Organization (CSIRO) collections. The 
plant material used in this study represents 5 wild Glycine species: G. canescens (CSIRO 
accession number G1232), G. clandestine (G1126, G1253), G. syndetika (G1300, G2073, 
G2321), G. tomentela D1 (G1156, G1157), and G. tomentella D3 (G1364, G1403, G1820). 
Plants were grown in a common growth chamber under 12 h/12 h light/dark cycle with 
22°C/18°C day-night temperature regime. Two light intensity conditions were chosen as the light 
intensity used for light exposure: 125 μmol/m-1s-1 (low light condition/LL), and 800 μmol/m-2s-1 
(high light condition/EL). RNA was sampled from the central leaflet of a 1-week-old fully 
expanded trifoliate leaves collected 0.5 to 2 h after exposure to either LL or EL. Single-end 
RNA-Seq libraries were were constructed following the Illumina mRNA-seq Sample Preparation 
Kit protocol (Illumina, San Diego, CA, USA). Sequencing was performed using Illumina GAIIx 
or HiSeq 2000 platform with read length of 88 bp and 100 bp, respectively. A total of 23 RNA-
Seq libraries from 12 diploid wild Glycine accessions representing 5 wild Glycine species were 
used in this study. The RNA-Seq libraries used in this study has been published before and 
deposited in NCBI Sequence Read Archive under accession SRP011928 (Coate et al., 2013) and 
SRP038128 (Bombarely et al., 2014). 
 
de novo transcriptome assembly  
Raw RNA-Seq reads were preprocessed to remove any remaining sequencing adapters 
and barcodes using an in-house perl script. We then pooled all RNseq libraries from each 
accession prior to de novo assembly. De novo transcriptome assembly was done using a de 
Bruijn graph approach with kmer size of 25 bp as applied in Trinity assembler ver. r2012-01-25 
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(Grabherr et al., 2011). A total of 12 de novo transcriptome assemblies were done independently, 
one for each of the 12 accessions.  
Coding sequence prediction of the assembled transcriptome was done using a perl script 
(transcript_to_best_scoring_ORF.pl) provided as part of the Trinity assembler. The Open 
Reading Frame (ORF) analysis script was run on both strands (-B), with parameters as follows: 
minimum ORF length to retain ≥ 198 bp / 66 aa (-m 66), and using 30,000 longest ORF as 
Markov Model training sets (-T 30000). For high confidence ORFs with sequence length not a 
multiple of three, contig sequences were padded with “n” characters to maintain reading frame 
integrity. 
 
Reciprocal blast and phylogenetic analysis of wild Glycine species 
 A Reciprocal Best BLAST Hit (RBH) analysis was done to obtained orthologous genes 
shared between soybean and the 12 wild Glycine accessions and soybean.  Soybean coding 
sequence (CDS) ver.  Glyma.Wm82.a1.v1.1 (Schmutz et al., 2010) was used as a reference. RBH 
analysis was done by conducting a pairwise BLASTN analysis between the reference and the 
CDS derived from the transcriptome assembly of 12 wild Glycine accessions. BLASTN ver. 2.2-
26 (Altschul et al., 1990) was used for the analysis with and e-value cut off of 1 x 10-6. The 
analysis was automated using an in-house perl script (ReciprocalBestHits.pl) that also 
summarized the orthologous genes shared between soybean and the 12 wild Glycine species. 
Selected orthologous genes were aligned separately using PRANK ver. 120716 
(Loytynoja and Goldman, 2008) using the codon aware setting (-codon). Each of the orthologous 
gene alignments was then scored for alignment quality using Aliscore (Misof and Misof, 2009). 
Regions in the alignment reported as low scoring were then removed using an in-house perl 
script (remove_bases_codonaware.pl) in a codon-based manner. Alignments that retained at least 
50% of their original length prior to removal of low scoring regions were used for phylogenetic 
tree reconstruction.  
Phylogenetic trees were reconstructed using two different methods, Maximum Likelihood 
(ML) as applied in RAxML ver. 7.3.2 (Stamatakis, 2006) and Bayesian as applied in MrBayes 
ver. 3.2.1 (Altekar et al., 2004). Prior to tree reconstruction, alignments of orthologous genes that 
passed the alignment quality filtering were concatenated into one single alignment.  
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Phylogenetic trees were reconstructed using eight partitioning strategies: (1) concatenated 
alignment (no partitioning of sequences), (2) partitioning by gene, (3) first codon positions, (4) 
second codon positions, (5) third codon positions, (6) first and second codon positions, (7) 
combination of strategy (5) and (6), and (8) combination of strategy (3), (4), and (5). In all types 
of partitioning strategies, phylogenetic tree reconstruction was done using the GTR+Gamma 
model for both RAxML and MrBayes. Tree reconstruction was done with 1000 bootstraps for 
RAxML. For MrBayes, tree reconstruction was done using 15 independent runs with four chains 
per run and 40 million generations, with stop rule option (stoprule=yes) if the standard deviation 
of split frequencies ≤ 0.01 and a 25 % burn-in for MrBayes.   
 
Evolutionary test to detect signatures of selection 
Prior to the test, all stop codons were masked as gaps. We also discarded any alignments 
in which at least one of the sequences in the alignment had length less than 300 bp. The tests 
were done using the codeml program in the PAML package ver. 4.7 (Yang, 2007) and the 
species tree generated by MrBayes. A branch model was used as the codon substitution model 
for all orthologous genes being analyzed. The metric used as a measure of evolutionary selection 
is the dN/dS (Ka/Ks) ratio.  
The null model assumed a neutral selection scenario in which the dN/dS ratio is equal 
across all lineages, while the alternative models support a non-neutral evolutionary model where 
dN/dS ratio differs between lineages specified by the alternative models. There are seven 
alternative model used in this analysis which can be divided into two groups, the multi-branch 
test, and the lineage-specific test. The branch model proposed a model of different dN/dS ratios 
between: 1) soybean versus all wild Glycine lineages, 2) the combined soybean and Glycine A 
genome lineage versus combined D and E (D+E) genome lineages, 3) soybean and the A, D, E 
genome group versus the ancestor of the D and E genome group. The lineage-specific model 
proposed a model in which the dN/dS ratio of a specific lineage differs compared to all other 
lineages in the tree.  The test under the lineage-specific models was performed for the following 
lineages: 1) A-lineage, 2) D-lineage, 3) E-lineage, and 4) D+E-lineage. 
 All of the null and alternative models were analyzed using codeml with three 
independent runs to obtain the most optimum likelihood score for each model. Only the run with 
the most optimum likelihood score from each model was used for the Likelihood Ratio Test 
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(LRT). LRT was used to assess the goodness of fit of the alternative models compared to the null 
model given the orthologous gene alignment and the species tree. The null model was rejected in 
favor of the alternative model for orthologous genes if the LRT was significant at False 
Discovery Rate (FDR) (Benjamini and Hochberg, 1995) adjusted p-value ≤ 0.1. 
 
Analysis of lineage specific indel 
Whole Genome Sequencing (WGS) data of four soybean lines, IA3023, Skylla, 
PI437169B, and PI561370 were kindly provided by Perry Cregan (USDA BARC) as part of the 
the SoyNAM project (http://www.soybase.org/SoyNAM/).  Publicly available WGS data from 
five Glycine soja accessions were obtained from NCBI-SRA 
(www.ncbi.nlm.nih.gov/Traces/sra/) with accession number ERP002622 (Chung et al., 2014).  A 
3,445 bp region derived from the soybean genome containing Glyma02g00320 UTRs, exons, 
and introns based on the soybean gene model (Glyma.Wm82.a1.v1.1) was used as a reference for 
mapping WGS data. The genomic region was further modified by addition of a 24 bp DNA 
sequence from G1156 accession based on the predicted indel position from the alignment of 
soybean Glyma02g00320 and its orthologs, creating a reference region of 3,469 bp for mapping 
purpose (Figure 2.4). All WGS reads from soybean lines and G. soja accessions were aligned to 
modified genomic region of Glyma02g00320 from the soybean reference genome using 
Novoalign ver. 3.02 (www.novocraft.com). 
 
Prediction of protein subcellular localization 
The coding region sequence (CDS) of soybean gene Glyma02g00320 and its orthologs 
from G1156 were analyzed for predicted subcellular localization using two independent 
prediction algorithms, TargetP (Emanuelsson et al., 2000) and MultiLoc (Höglund et al., 2006). 
Assessment of the possible changes in subcellular localization influenced by the 24-base-pair 
deletion was done using a modified CDS of soybean Glyma02g00320 using the same approach 
as before. Modification of the CDS was done by addition of the 24-base-pair sequence deleted in 
the predicted soybean signal peptide based on the orthologous gene alignment.  
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Results 
De novo transcriptome assembly of wild diploid Glycine accessions 
After pooling all individual sample RNA-Seq reads from the 12 accessions, the total 
number of RNA-Seq reads that passed the preprocessing steps to remove any adapter sequence 
was 239.2 million reads. The number of clean reads varies between the 12 wild Glycine 
accessions, ranging from 10.2 million for G1364 to 36.5 million for G1820 (Tabel 2.1), with an 
average of 19.9 million reads per accession.  Out of the six diploid wild Glycine accessions 
representing the diploid A genome group, G1232, G1126, G1253, G1300, G2073, and G2321, 
G1126 has the lowest number of contigs assembled, with 74,659 contigs of size > 198 bp and 
N50 of 478 bp, which also happens to be the highest N50 value across all the assemblies. G2321 
gives the highest number of assembled contigs for accession representing the A genome group, 
with 116, 408 contigs of size > 198 bp and N50 value of 458 bp.   
For the four accessions representing the diploid D genome group, G1364, G1366, G1403, 
and G1820, G1364 gives the lowest number of contigs assembled, with 68,233 contigs of size > 
198 bp and N50 value of 448 bp, while G1820 gives the highest number of assembled contigs, 
with 145,142 assembled contigs of size > 198 bp and N50 value of 457 bp. Both G1364 and 
G1820 were the accession with the lowest and highest number of assembled contigs across all 
accessions in this study. Assembly of the two accessions representing the diploid E genome 
group, G1156 and G1157, resulted in 112,266 and 92,588 contigs of size > 198 bp with N50 
value of 441 and 444 bp respectively. 
Since the de Bruijn graph approach used for transcriptome assembly has been known to 
produce erroneous contigs along with high quality contigs (Grabherr et al., 2011; O’Neil and 
Emrich, 2013), possible erronous contigs produced by Trinity assembler was filter out by means 
of ORF analysis. This resulted in the reduction in the final number of contigs in the 
transcriptome assembly, with G1820 having the largest reduction, with final count of 73,877 
contigs (50.91 % of original contigs), and G1232 having the smallest reduction, with 63,949 
contigs (65.83 % of original contigs). In terms of number of high confidence contigs, G1364 has 
the lowest number of contigs after ORF analysis across all accessions, with 44,235 contigs 
(64.83 % of original contigs), while G1820 have the largest number of contigs after ORF 
analysis, with 73,887 contigs (50.91 % of original contigs). Overall, assembly statistics were 
comparable across the accessions investigated. 
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Orthologous gene analysis and alignment 
Reciprocal Best BLAST Hits (RBH) analysis was performed by conducting a pairwise 
nucleotide BLAST (blastn) search between the soybean CDS from the annotated genome gene 
models, and each of the high confidence contigs from the 12 wild Glycine accession 
transcriptome, with an e-value cut off ≤ 1 x 10-6. For each pairwise blastn, only if the top hit 
showed a reciprocal top hit between a given soybean gene and its corresponding wild Glycine 
contig was it retained. Contigs were reported as orthologs if a reciprocal relation exists between 
each contig from all of the 12 wild Glycine accessions with the same soybean gene model. A 
total of 2,430 orthologous genes were shared between soybean and the 12 wild Glycine 
accessions based on RBH analysis. 
Each orthologous gene group, consisting of DNA sequences from the soybean CDS and 
the 12 wild Glycine accessions, was aligned using PRANK under the codon alignment setting. 
This setting enforces a codon aware multiple alignment, in which any indel added by PRANK to 
optimize the alignment was done in a manner that will not disrupt the reading frame. The quality 
of each individual alignment was assessed using Aliscore. Any region in the alignment that was 
reported as having low quality was removed using an in-house perl script while still maintaining 
the reading frame of the genes in the alignment. A further filtering step was then done to obtain 
orthlogous gene sets to be used for phylogenetic tree reconstruction. Briefly, only orthologous 
gene alignments that retained at least 50% of the original alignment length after the above steps 
were retained. Under this filtering criterion, 886 orthologous gene alignments were retained for 
phylogenetic tree reconstruction. 
 
Phylogenetic tree reconstruction 
Input sequences for phylogenetic tree reconstruction was obtained by concatenating 
alignment of 886 orthologous gene alignments, producing a final alignment of 793,935 
characters. Phylogenetic tree reconstruction with RAxML using multiple partitioning strategies 
produced phylogenetic trees with similar topology between the eight partitioning strategies used 
(Figure 2.1 a-h).  Three separate clades, one for each of the A, D, and E genome groups have 
high bootstrap support (100%) in all eight trees inferred from different partitioning strategies. 
We noticed that for two of the genome groups, the A and D genome groups, the bootstrap value 
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for the sub clade topology varied between the eight partitioning strategies that we applied. In the 
D genome clade, the bootstrap support values for the branch that lead to the sub clade containing 
G1364, G1366, and G1403 ranged from 53% (Figure 2.1 c; first codon positions partitioning 
strategy) to 99% (Figure 2.1 a; no partitioning strategies), while for the A genome clade, the 
bootstrap values for the branch that lead to sub clade containing G1300, G2073, G2321, and 
G1232 was less varied, ranging from 97% (Figure 2.1 c; first base positions partitioning strategy) 
to 100% (Figure 2.1 a, b, d, f, g, h).  
Phylogenetic tree reconstruction using MrBayes under different partitioning strategies 
converges in a different number of generation runs depending on the partition strategy used. 
Briefly, each partitioning strategies converge at: (1) no partition, 19 million generations, (2) 
partitioning by gene, 2 million generations (3) first codon positions, 2 million generations, (4) 
second codon positions, 1 million generations, (5) third codon positions, 4 million generations, 
(6) first and second codon positions, 3 million generations, (7) combination of strategy (5) and 
(6), 2 million generations, and (8) combination of strategy (1), (2), and (3), 3 million generations.  
Although the number of generations needed for each partition strategy to converge under 
the Bayesian approach differs for each partition strategy, all partitioning strategies reported 
phylogenetic trees with similar topology (Figure 2.2 a-h). We observed variability in the 
posterior probability values for some of the genome group clades across all the trees generated 
using Bayesian approach. For both D and E genome groups, the observed posterior probabilities 
of the branch leading to each genome group clade was 1 for all the trees (Figure 2.2 a-h). We 
also observed variability of the posterior probabilities for the branch leading to the sub clade 
containing G1364, G1366, and G1403 and the branch leading to sub clade containing G1364 and 
G1366, across all trees, with posterior probabilities ranging from 0.6914 to 1, and 0.9831 to 1, 
respectively. In the case of the A genome clade, we observed a consistent pattern of variability in 
the posterior probability of the branches that lead to the A genome clade and its sub clade across 
all the trees under different partitioning strategies (Figure 2.2 a-h).  
The variability in the posterior probability observed for the branch leading to the sub 
clade containing accessions G1364, G1366, and G1403 is similar to the variability in bootstrap 
support values of the same branch in the trees generated using ML. The same pattern is also 
observed within the A genome clade, although the variability in the bootstrap support values in 
the ML generated trees is localized to the branch leading to sub clade containing accession 
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G1300, G2073, G2321, and G1232, while in the case of Bayesian generated trees the variability 
occurred on the branch leading to the sub clade of A genome group. 
Despite the variability in both the bootstrap support and posterior probability values and 
different partitioning strategies, both RAxML and MrBayes were able to reconstruct the 
phylogenetic tree with the same topology. We therefore selected the phylogenetic tree 
reconstructed with MrBayes under no partition strategies to perform our evolutionary analyses 
using codeml. 
 
Analysis of positively selected genes  
A total of 1,531 orthologous gene alignments passed our criteria of having sequence 
length greater than 300 bp.  The remaining 899 orthologous gene alignments were discarded 
prior to the analysis. In this analysis we assessed the likelihood of the alternative models, all of 
which assume different dN/dS ratio across all the branches tested, against our null model of 
neutral evolution, where the dN/dS ratio is equal across all the branches in the phylogenetic tree 
given the gene alignment. The alternative hypothesis proposed in this study can be divided into 
two groups based on the extent of the branches tested, the multi-lineages (Figure 2.3 b, c, & d) or 
the lineage-specific hypothesis (Figure 2.3 e, f, g, & h).  
In testing the multi-branch group hypothesis, we assessed the likelihood of three different 
alternative model of different dN/dS ratio across all the branches against the null model (Figure 
2.3 b, c, & d). The first test compared our null model against the first alternative model in the 
multi-branch group where dN/dSsoybean ≠ dN/dSwild Glycine accessions (Figure 2.3 b). We found 10 
genes with different dN/dS ratios between soybean and wild Glycine accessions at FDR adjusted 
p-value ≤ 0.1 (Table 2.2). Out of the ten genes reported as significant by LRT, only one gene 
(Glyma15g05580, encodes for cytochrome P450) had a dN/dS ratio > 1 with dN/dS ratio of 
1.38838 in the branch representing the wild Glycine accessions but not in soybean. The dN/dS 
value suggests possible positive selection acting on this gene in the wild Glycine accessions 
compared to soybean.  
The second test in the multi-branch group compared the null hypothesis with an 
alternative hypothesis where dN/dSsoybean ≠ dN/dSA genome group ≠ dN/dSD+E genome group (Figure 2.3 
c). In this test, both D and E genome groups are considered as a single group. The LRT test 
reported 4 genes having significantly different dN/dS ratios between the lineages tested at FDR 
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adjusted p-value ≤ 0.1 (Table 2.3). Only one gene (Glyma15g05580) had dN/dS ratio > 1 with 
dN/dS ratio of 2.20944 in the A genome lineage. 
The third test compared the null model against an alternative hypothesis where 
dN/dSsoybean ≠ dN/dSA genome group ≠ dN/dSD+E ancestor ≠ dN/dSD genome group ≠ dN/dSE genome group 
(Figure 2.3 d). The addition of the D+E ancestor branch in the alternative model was done to 
accommodate the evolutionary relationship between the D and E genome groups. In this test, 
LRT reported 10 genes with significantly different dN/dS ratios between the lineages and branch 
tested (Table 2.4). We found that five of those genes had dN/dS ratio > 1 in at least one of the 
lineage and branch tested. The first gene was Glyma02g00320 which encodes for a BolA4-like 
protein with dN/dS of 1.16143 in the soybean lineage only. The second gene was 
Glyma11g37660, encodes for ARM repeat family protein/SDA1-related protein, with dN/dS 
ratio of 1.22751 observed only in the E genome lineage. The third gene was Glyma13g41960 
which encodes for Phosphofructokinase B (pfkB)/Phosphofruktokinase 2 (PFK-2) family 
carbohydrate kinase with dN/dS ratio of 1.52713 in the D genome lineage. The fourth gene was 
Glyma15g05580 with dN/dS ratio of 2.17698 for the A genome lineage and 1.19124 for the D+E 
ancestor branch. The last gene that we found was Glyma16g01120 which encodes for a mono-
/di-acyl glycerol lipase class 3 family protein with dN/dS ratio of 1.34744 for the E genome 
lineage.  
In this study, we also conducted analysis under the lineage-specific group hypothesis, in 
which we hypothesize that the dN/dS ratio of a specified lineage differs from all other lineages 
(Figure 2.3 e, f, g, & h). The test was performed on all the genome groups and the combination 
of D and E genome groups. For the A-lineage test (Figure 2.3 e), we found six genes with 
significant differences in dN/dS ratio between the A lineage and other lineages (Table 2.5), with 
one of the gene (Glyma15g05580) having a dN/dS ratio of 2.21621 for the A lineage. 
Glyma15g05580 had been reported before as having dN/dS ratio > 1 in the A genome group 
(Table 2.3) and as part of the wild Glycine lineage (Table 2.2) in our previous test. 
 Lineage-specific tests for the D lineage (Figure 2.3 f) reported seven genes with 
significant difference in dN/dS ratio between the D lineage and other lineages tested (Table 2.6). 
Out of the seven genes reported in this test, we found only one gene, Glyma13g41960 had dN/dS 
ratio >1 with dN/dS of 1.52388 for the D-lineage. The same gene has also been reported to have 
dN/dS ratio > 1 for the D genome group in our previous test (Table 2.4). Our lineage-specific test 
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on E-lineage (Figure 2.3 g) and D+E-lineage (Figure 2.3 h) reported two genes and one gene 
have different dN/dS ratios between each lineage tested and other lineage, respectively (Table 
2.7 and Table 2.8). We found no genes with dN/dS > 1 in both test for E-lineage and D+E-
lineage.  
 
Effect of indel and sequence variants in Glyma02g00320 
Since the gene Glyma02g00320 showed a signature of selection specifically in the 
domesticated soybean, we investigated this gene further as a potential target of selection during 
domestication. The predicted protein product of this gene is a BolA domain protein, which is 
implicated in cell shape in bacteria (Aldea et al., 1988), and have been shown to function in Fe-S 
cluster assembly in mitochondria and plastids (Koch and Nybroe, 2006; Li and Outten, 2012). 
We found several sequence variants in the CDS alignments between the soybean 
Glyma02g00320 and its 12 wild Glycine accession RBH orthologs (Figure 2.5). Several 
synonymous and non-synonymous single nucleotide variants (SNVs) can be observed between 
Glyma02g00320 and its orthologs (Table 2.9). We observed several synonymous (e.g. position 
228, 234, and 291 bp, soybean CDS numbering here and follows) and non-synonymous (e.g. 
position 10, 16, 25, 43-44, and 118 bp) SNVs that differentiate between soybean and wild 
Glycine accessions. Several SNVs are specific to either accession from A (e.g. position 103 bp) 
or D (e.g. position 65, 127, 139, and 167 bp) genome group. Other SNVs that we observed are 
specific to a certain accession or sub clade (Table 2.9). Most of the SNVs occur in the middle 
region of the CDS (position), with the BolA domain mostly contains synonymous SNVs 
consistent with purifying selection in this region.  
We also found a prominent sequence variant in the form of a 24-base-pair sequence 
deleted in the 5’ region of the CDS observed only in soybean but not in other accessions. Since 
the CDS of soybean Glyma02g00320 is derived from genome assembly of the soybean reference 
genome Williams82, there is a possibility that the observed deletion is due to an artifact in the 
genome assembly process. Also, since the soybean reference genome is solely based on the 
genome of Williams82, there exist also a possibility that this deletion exists only in the genome 
of Williams82 but not in other soybean lines. To confirm that the observed 24-base-pair 
sequence deletion is indeed a true deletion and not an artifact of the genome assembly process or 
an exclusive genotype of Williams82, we analyzed WGS data from four soybean lines (IA3023, 
 22 
Skylla, PI437169B, and PI561370). As a reference, we take the soybean genomic region 
containing Glyma02g00320 5’ and 3’ UTR, exons, and introns, and modified the first exon 
through the addition of the 24-base-pair sequence based on the MSA of Glyma02g00320 
orthologs.  
We then proceed to confirm the observed 24-base-pair sequence deletion in the CDS of 
Glyma02g00320 by aligning soybean WGS data from 4 soybean lines, IA3023, Skylla, 
PI437169B, and PI561370, against a modified genomic region of Glyma02g00320 containing 
the deleted bases as a reference. We observed no reads in support of the presence of this 24-base-
pair sequence in our modified Glyma02g00320 genomic region. Although the read coverage 
varies between the four soybean lines, the result is consistent across all of them and indicates that 
domesticated soybean accessions consistently show this deletion (Figure 2.6).  
Given the close relationship between soybean and Glycine soja, we also extend our 
analysis of the observed deletion to G. soja by mapping WGS data from five different G. soja 
accessions from Chung et al. (2014) against the same reference as above. We observed the same 
result as with soybean where no reads support the existence of this 24-base-pair sequence being 
present in G. soja, which suggest that the observed 24-base-pair deletion in soybean 
Glyma02g00320 was shared between soybean and in at least the five G. soja accessions used in 
this analysis. (Figure 2.7)  
The observed 24-base-pair sequence deletion is located in the 5’ end of Glyma02g00320 
CDS within a likely signal peptide, suggesting that the effect of the observed deletion could 
affect the subcellular localization of the encoded BolA4-like protein in soybean compared to its 
wild Glycine relatives. To test this hypothesis, we conduct an in silico protein localization 
analysis using TargetP and MultiLoc. Translated CDS of G. max Glyma02g00320, the 
orthologous sequence from the G1156 accession, and a modified CDS of G. max 
Glyma02g00320 with the addition of a 24-base-pair sequence from G1156 accession were used 
as input for the analysis.  
Both algorithms agreed on the likely dual targeting of this BolA4-like protein to both 
chloroplast and mitochondria, albeit with different preferences between soybean and wild 
Glycine BolA4-like protein (Table 2.10). For the soybean sequence with the 24-base-pair 
sequence deletion, TargetP reported the predicted preferred target of subcellular localization was 
the chloroplast, with a prediction score of 0.619 and 0.474 for chloroplast and mitochondria, 
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respectively. MultiLoc reported a higher predicted preference of soybean BolA4-like localization 
for mitochondria with prediction scores of 0.133996 and 0.839099 for chloroplast and 
mitochondria, respectively.  
In the case of the wild Glycine ortholog, the strongly predicted primary target of 
subcellular localization by both algorithms was the chloroplast, with prediction scores of 0.85 
and 0.89887 for Target P and MultiLoc, respectively. The mitochondrial localization prediction 
scores for the wild Glycine ortholog were much lower than for the soybean sequence, between 
3.88 and 10.1 fold lower for TargetP and MultiLoc, respectively (Table 2.10).  We observed a 
lower prediction score for mitochondrial localization for the modified soybean BolA4-like 
protein containing the deleted sequence, compared to its unmodified counterpart, with 4.3 and 
7.5 fold lower mitochondrial values for Target P and MultiLoc, respectively (Table 2.10). 
Prediction of subcellular localization of the modified soybean BolA4-like protein returns scores 
similar to that of the wild Glycine ortholog for both chloroplast and mitochondria, showing that 
the deletion is the primary cause of the alteration of the predicted subcellular targeting of the 
protein.  
 
Discussion 
We have assembled expressed transcriptomes using the Trinity assembler from 12 wild 
Glycine accessions that represent five currently recognized species from three genome groups 
(A, D, and E). While the numbers of contigs in each transcriptome assembly are similar to those 
in the soybean whole genome sequence, which has 73,320 gene models (54,175 gene models 
excluding isoforms) (Table 2.1), these contigs are on average relatively short, and it is likely that 
many genes are absent from the Trinity assemblies while others are represented by multiple short 
contigs. This likely led to the relatively small (2,430) number of genes for which orthologs could 
be identified across all 12 accessions. Wang et al. (2011) have shown  that a direct correlation 
exists between sequencing depth of RNA-Seq libraries and the number of genes recovered by de 
novo transcriptome assembly. In this study the, the sequencing depth in terms of number of reads 
varies between 10.2 million to 31.1 million, well above the recommended depth recommended 
by Wang et al.  (2011). However, the other factor that might contribute to the observed 
discrepancy in the number of high confidence contigs is likely to be the use of only leaf tissue as 
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the source for RNA, thus only genes expressed at high levels in the leaf are likely to be 
assembled with high quality contigs. 
Although the transcriptome assembly generated in this study may not give a full 
representation of the gene space in each accession, if it is of sufficient quality it could provides a 
reasonable dataset for the analysis of leaf expressed genes. The quality of a transcriptome 
assembly is heavily influenced by a multitude of factors that are either features of the 
transcriptome itself (transcriptome size/complexity, polymorphism level, ploidy), part of the 
technological challenge (sequencing error, library preparation), or element of the bioinformatics 
workflow (assembly algorithm, gene annotation, inference of gene isoform) (He et al., 2015; 
Vijay et al., 2013).  
Addressing the factors derived from the transcriptome itself that can affect the quality of 
the transcriptome assembly is out of the scope of this study. The remaining two factors can be 
addressed in this study, since they are an integral part of the assembly process. To address other 
factors that might affect assembly quality, we conducted several steps to ensure the quality of the 
assembly. First, we removed reads without intact barcodes, followed by adapter trimming prior 
to assembly. We also conducted an ORF prediction analysis to remove erroneous contigs from 
the transcriptome assembly of the 12 wild Glycine accessions. This led to the reduction in the 
number of the assembled contigs for all accessions, up to a 49% reduction in the number of final 
contigs in one case (Table 2.1). 
Orthologous genes are defined as genes arising through the process of speciation and 
maintained in all extant species which share the same point of origin of speciation (Kristensen et 
al., 2011). Because they are maintained across all the species that share the same origin of 
speciation, orthologous genes allow us to study the evolutionary processes that act on a certain 
lineage that shares said genes. To study the evolutionary process that act on orthologous genes 
we need to first identify orthologous genes. However, this step is complicated by the existence of 
genes that share some kind of homology, such as paralogous genes or analogous genes 
(Kristensen et al., 2011).  
Several methods have been proposed to identify orthologous genes shared across 
different species that use either phylogeny, heuristic best-match, or syntheny approach. Out of 
the three approaches, the heuristic approach is the most common approach taken, mainly due to 
its speed, scalability, and its consistency due to the use of statistical predictor (Kristensen et al., 
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2011). In this study we applied RBH, the most widely applied heuristic approach, using blastn to 
identify orthologous genes shared between soybean and the 12 wild Glycine species. Using RBH 
we were able to identify 2,430 orthologous genes shared between soybean and the 12 wild 
Glycine species, which is a relatively small percentage of the total soybean gene models, but 
represents a good selection of highly expressed genes from leaves.  
Studies on the genome of soybean have revealed soybean as a paleopolyploid species, an 
allopolyploid species that has subsequently undergone a diploidization process, within a time 
span of 5-10 Million Years ago (MYa) (Doyle and Egan, 2010; Gill et al., 2009). Even though 
modern day soybean is considered as a diploid and behaves as such genetically, its relatively 
recent allopolyploid history can be easily seen in form of homologous regions scattered across its 
genome. In most regions of the soybean genome large syntenic chromosome fragments can be 
identified in pairs that are clearly recently derived from homeologous chromosomes (Schmutz et 
al, 2010). It is therefore expected that the number of paralogous genes in the soybean genome 
would be higher than in many other species. And since the wild Glycine accessions share the 
same ancestral allopolyploidy event with soybean, paralogous genes in those accessions would 
also be expected to be prevalent. 
Indeed, Han et al. (2014) reported that the number of single copy genes in soybean is 
3,687, which is around 5% of the number of soybean gene models, indicating that soybean genes 
have a high number of gene families with extensive paralogs. With the relatively high number of 
paralogous genes between soybean and the wild Glycine accessions, our RBH analysis could 
have been unusually prone to false negatives, where a valid orthologous gene is reported as a non 
ortholog due to mispairing with highly similar paralogs during the blastn analysis. This would 
explain the low percentage of reported orthologous genes compared to the number of soybean 
gene models. 
A phylogenetic tree was reconstructed using the concatenated sequences of 886 high-
quality orthologous gene alignments. The two different approaches for the phylogenetic tree 
reconstruction employed in this study, ML and Bayesian, return trees with the same topology. 
We extend our analysis by applying multiple partitioning strategies according to each base 
position in a codon. Partitioning the input alignments also returns phylogenetic trees with the 
same topology across the different partitioning strategies used (Figure 2.1 and 2.2).  
 26 
Most of the branches in the phylogenetic trees generated using ML and Bayesian 
approach have high support values (bootstrap and posterior probabilities values). These findings 
are consistent across all partitioning strategies employed. We observe a pattern of variance in 
both the bootstrap and posterior probabilities in two separate clades, each corresponding to the A 
and D genome groups.  For the A genome group, the observed pattern of variance in the 
posterior probability values occurs in the branch leading to a sub-clade in the A genome group 
across all phylogenetic trees generated using the Bayesian approach, while the same branch 
exhibits high (above 97%) bootstrap support values for all ML based phylogenetic trees. The 
pattern of variance in branch support values (bootstrap and posterior probabilities) in the D 
genome group occurs in the sub clade containing accessions G1364, G1366, and G1403, and is 
consistent across all the phylogenetic trees generated under both methods and different 
partitioning strategies.  
Interestingly, the branches in which the pattern of variance is observed are the same 
braches where incongruence in the topology exists between the topology reported in this study 
and the topology reported by another study which used the same dataset used in this study 
(Bombarely et al., 2014). The incongruence in the topology between Bombarely et al (2014) and 
this study comes down to the assignment of two accessions, G1232 and G1403, in the A and D 
genome clades, respectively. Bombarely et al (2014) reported that the G1232 accession is located 
in the same clade as the G1126 and G253 accessions, while in this study, G1232 is located in the 
same clade as G1300, G2073, and G2321, with G1126 and G1253 in a separate clade (Figure 2.1 
and Figure 2.2). This is similar to the incongruence in the assignment of G1403, where 
Bombarely et al (2014) reported that G1403 accession is located in the same clade as G1820, 
with G1364 and G1366 accessions in a separate clade; in this study G1403 accessions were 
found to be located in the same clade as the G1364 and G1366 accessions (Figure 2.1 and Figure 
2.2).  
The incongruence in the tree topologies between Bombarely et al (2014) and this study 
do not change the genome group assignments for either the A and D genome groups. The 
consistent pattern of variance in the branch support values of both A and D genome groups, and 
the incongruence between Bombarely et al (2014) and this study suggest that the topology within 
both the A and D genome group still needs to be resolved.  
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Incongruence in phylogenomic studies have been reported in several studies (Letsch et 
al., 2012; Wickett et al., 2014). Several factors has been cited as the source of the incongruence 
in tree topology, including methods to generate input (e.g. coalescent vs. concatenation) (Liu et 
al., 2015a), nucleotide compositional bias (Jeffroy et al., 2006), saturation of phylogenetic 
signals due to fast or slow-evolving sites (Jeffroy et al., 2006; Liu et al., 2015a), Horizontal Gene 
Transfer (HGT), Incomplete Lineage Sorting (ILS) (Jeffroy et al., 2006; Liu et al., 2015a), and 
input alignment quality (Hartmann and Vision, 2008).  
In this study, we concatenate the alignment of 886 de novo assembled mRNA sequences 
and use the final alignment as input for phylogenetic tree reconstruction using ML and Bayesian 
approach. In Bombarely et al (2014) the phylogenetic tree was reconstructed using a very 
different dataset, using SNV data from 27 transcript-guided assembled genes as input; however 
the algorithms used were very similar, both ML and Bayesian approaches, as applied in PhyML 
and *BEAST, respectively. The difference in how the input data was processed for phylogenetic 
tree reconstruction appears to be the most likely source of the incongruence between this study 
and Bombarely et al (2014). Our approach to use de novo transcriptome assembly has the benefit 
that it does not force each genotype to fit the model from the master reference (soybean) and that 
rather than selecting genes in advance for analysis, our approach focuses on those genes with 
experimentally determined orthology from all target accessions. However, our approach might 
also produce transcripts that do not represent the full length of the original transcript, which 
could affect the quality of the input alignment itself. Input alignment quality have been known to 
affect the quality of tree reconstruction in phylogenomic studies (Hartmann and Vision, 2008). 
We have tried to address this problem by rigorous filtering of our input data, including using 
only high quality predicted ORFs followed by alignment quality filtering using Aliscore in our 
input data. 
Other factors that could have caused incongruence in phylogenomic studies are 
nucleotide compositional bias and saturation of phylogenetic signals. Nucleotide compositional 
bias is mainly caused by difference in GC contest of the sequence used in the analysis or due to 
the difference in transversion rate within the sequence, whereas saturation of phylogenetic 
signals is mainly caused by heterogeneity in evolutionary process acting on the sequences used. 
To address this issue, we employ multiple partitioning strategies that separate each base position 
in codon as input for phylogenetic tree reconstruction. This strategy has been successfully used 
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to identify the third codon position as the position contributing most to nucleotide compositional 
and saturation of phylogenetic signals (Jeffroy et al., 2006). In this study, multiple partitioning 
strategies, especially the third codon position, produce phylogenetic trees with similar topology, 
suggesting that the incongruence in topology observed between this study and that of Bombarely 
et al (2014) is unlikely to be caused by nucleotide compositional bias or saturation of 
phylogenetic signals. 
 ILS and HGT have been known to be the main cause in incongruence between gene trees 
and species tree estimation (Liu et al., 2015a). The main assumption of phylogenomic tree 
reconstruction using the concatenation method is that all the genes used have similar 
evolutionary history, an assumption that has been heavily criticized (Song et al., 2012; Xi et al., 
2014). Despite the criticism, studies have shown that concatenation method is nonetheless 
reliably able to generate a robust phylogenetic tree (Dunn et al., 2008; Weitemier et al., 2014). 
Recently, it has been shown that the performance of the concatenation method breaks down as 
the number of genes with ILS increases in the input datasets (Mirarab et al., 2014). Therefore, 
reassessment of topology incongruence in the phylogenetic tree between this study and 
Bombarely et al. (2014) could be considered using different phylogenomic methods such as 
coalescent methods. Nonetheless, the coalescent methods used in Mirarab et al. (2014) ultimately 
produced a topology very concordant with the results of concatenation methods, and the greater 
phylogenetic signal in the alignment used for this study should provide a greater confidence in 
the ultimate topology assignment. 
We then conducted tests of positive selection to identify genes with accelerated rates of 
amino acid substitutions between the lineages in the genus Glycine. In each test, we compare the 
null hypothesis of neutral evolution with an alternative hypothesis of non-neutral evolution. The 
null model assumes a single dN/dS ratio between lineages in the phylogenetic tree, while the 
alternative model assume different dN/dS ratio between the lineages tested. Comparison between 
the models was done using LRT for each of the orthologous genes. Significant LRT results 
would suggest the existence of heterogeneity in the dN/dS ratio between the lineages tested, 
which indicates that the neutral model of sequence evolution (the null model) has been violated. 
Two possible factors that could drive the observed heterogeneity in the dN/dS ratio between 
lineages are a decrease in selection constraints or positive selection in some of the lineages tested 
(Yang, 1998).  
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The first test compared the null model against an alternative model where dN/dS ratio is 
different between domesticated soybean and wild Glycine lineages (Figure 2.3 b).  Out of the ten 
gene reported to have different dN/dS ratio, only one gene, Glyma15g05580, had dN/dS > 1 for 
the wild Glycine lineage (Table 2.2). The second test identified genes in which the dN/dS ratio is 
different between soybean, A genome, and D+E genome Glycine lineages (Figure 2.3 c). We 
intentionally combined the D and E genome lineages for this test as a single lineage to 
accommodate the shared ancestry of both genome groups. Four genes were reported to have 
significantly different dN/dS ratios, with only one gene, Glyma15g05580, having dN/dS > 1 in 
the A genome lineage. The same gene was reported as positively selected in the A genome group 
in the previous test.  
The alternative model in the third test is the model with the highest number of parameters 
in this study. Here, the alternative model assumes different dN/dS ratios between soybean, A, D, 
E, and D+E ancestor branches (Figure 2.3 d). Similar to the second test, we include the D+E 
ancestor branch to accommodate the shared ancestry of D and E genome groups. The test 
reported five genes as having dN/dS > 1 in at least one of the branch tested (Table 2.4).  
In this test, we also observed that the dN/dS ratio for several lineages and branches were 
inflated (Table 2.4). We also observed the same inflated dN/dS ratio in the D genome lineage-
specific test (Table 2.6). Careful inspection of the codeml output of the affected lineages and 
branch in both tests showed that the inflated dN/dS ratio is caused by an infinitesimal or zero dS 
value for that particular lineage or branch, leading to the reported high dN/dS ratio.  
For the A genome lineage, only Glyma15g05580 is reported to have dN/dS > 1. This 
result is similar with the results from the first and second test. The same gene was also reported 
to have dN/dS > 1 this test for D+E ancestor branch and also in lineage-specific test for A 
genome lineage (Table 2.5). The consistent result of Glyma15g05580 in our test of positive 
selection under different models suggest that positive selection may have operated during the 
evolution of this gene in the A genome lineage and the ancestor of the D and E genome lineage. 
But we cannot rule out the possibility of a decrease in selection constraints acting on 
Glyma15g05580 in this particular lineage. Functional analysis of Glyma15g05580 using blast 
against Arabidopsis gene models found that Glyma15g05580 has high similarity with 
AT3G26330, a cytochrome P450 gene which potentially catalyzes a wide range of biosynthetic 
reactions. There is no reported study for Glyma15g05580 in soybean.  
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In the same test as above, Glyma13g41960 was reported to have dN/dS ratio > 1 for the 
D genome lineage. The same gene was also reported to have dN/dS ratio > 1 in a lineage-specific 
test for the D genome lineage (Table 2.6). Glyma13g41960 encodes for a Phosphofructokinase B 
(pfkB)/Phosphofruktokinase 2 (PFK-2) family carbohydrate kinase. Glyma13g41960 was 
differentially expressed in roots of soybean plant carrying Rhg1 locus 5 days post infection with 
Soybean Cyst Nematode (SCN) Heterodera glycine (Kandoth et al., 2011). PFK 2 catalyzed the 
conversion of fructose-6-phospate (F6P) to fructose 2,6-biphosphate (Fru-2,6-P2) and vice versa 
in the glycolysis pathway. The direction of this conversion is regulated through phosphorylation / 
dephosporylation of PFK-2. In phosphorylated form, PFK-2 catalyzes the conversion of F6P to 
Fru-2,6-P2, whereas  in dephosporylated form PFK-2 catalyzes the conversion of Fru-2,6-P2 to 
F6P.   
Fru-2,6-P2 is a potent activator of the glycolytic enzyme Phosphofructokinase 1 (PFK-1) 
and an inhibitor of the gluconeogenesis enzyme fructose-1,6-biposphatase (FBPase-1), achieved 
through allosteric regulation of both enzymes. This allows PFK-2 to regulate the switch between 
glycolysis and gluconeogenesis indirectly through the production and breakdown of Fru-2,6-P2 
(Pilkis et al., 1995). Unfortunately, in the study by Kandoth et al. (2011), no data is available on 
the phosphorylation status of Glyma13g41960. Therefore, we cannot conclude the effect of 
Glyma13g41960 differential expression on metabolic flux in the glycolytic pathway under SCN 
infection. Nonetheless, it is intriguing to speculate that selection on this gene may be driven by 
pressure for resistance against cyst nematodes. 
We also found two genes in the E genome lineage reported to have dN/dS > 1 in the third 
test. The first gene, Glyma11g37660, encodes for an ARM repeat family protein/SDA1-related 
protein. The second gene, Glyma16g01120, encodes for a mono-/di-acyl glycerol lipase class 3 
family protein. Currently, there are no reported studies for both genes in soybean. 
Out of the five genes reported to have dN/dS > 1 in the third test, only Glyma02g00320 
exhibited dN/dS > 1 in the soybean lineage where the dN/dS ratio in other lineages are 
significantly lower. Glyma02g00320 encodes for a BolA4-like protein. Inspection of 
Glyma02g00320 multiple sequence alignments (MSA) show that all the sequences from 12 wild 
Glycine accessions and soybean have full-length coverage (Figure 2.5). We observed several 
synonymous and non-synonymous SNVs that are specific to certain genome lineages, but the 
majority of the SNVs were between soybean and other wild Glycine accessions (Table 2.9). 
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Other prominent variation between soybean and the 12 wild Glycine accessions existed in the 
form of a 24-base-pair deletion near the 5’-region of soybean Glyma02g00320. The observed 24-
base-pair sequence existed in the assembled CDS of all of the wild Glycine accessions but 
appears to be deleted only in soybean CDS based on the soybean gene model.  
Based on the analyses using WGS from soybean lines and G. soja accessions, we 
concluded that the observed deletion of the 24-base-pair sequence observed in soybean 
Glyma02g00320 CDS is not an artifact of soybean genome assembly process nor is it a unique 
genotype of Williams82 line. We hypothesized that the event leading to the apparent deletion in 
soybean Glyma02g00320 occurred after the split of subgenus Glycine and subgenus Soja from 
its common ancestor, possibly as late as 5.25 MYa, which is the estimated divergence dates of 
Glycine subgenera (Egan and Doyle, 2010; Sherman-Broyles et al., 2014b).   
The location of the 24-base-pair sequence deleted in the 5’-region of Glyma02g00320 
CDS suggested a possible effect on the subcellular localization of BolA4-like protein in soybean 
compared to its orthologs in wild Glycine accessions. We employed algorithm for subcellular 
localization prediction applied in TargetP and MultiLoc to predict the localization of the BolA4-
like protein from soybean, the ortholog from the G1156 accession (wild Glycine), and a modified 
soybean BolA4-like protein by addition of the 24-base-pair sequence.  
Our in silico analysis predicted that soybean and wild Glycine BolA4-like protein are 
localized to both the mitochondria and chloroplast. Even though both algorithms agreed on the 
dual localization of the BolA4-like protein, they differ in the predicted ranking of both 
organelles. While TargetP predicted that the rank for chloroplast is higher than that of 
mitochondria, MultiLoc reported the opposite of that. The predicted subcellular localization was 
supported by a study on a homolog of a BolA4-like protein in Arabidospsis, AtBol4 
(AT5G17560), where AtBol4 protein was confirmed to localize in both chloroplast and 
mitochondria (Couturier et al., 2014; Qin et al., 2015). In the case of the modified soybean 
BolA4-like protein, both algorithms reported results that closely mimic the prediction for wild 
Glycine BolA4-like protein. There results suggest that the 24-base-pair sequence deleted in 
soybean BolA4-like protein does not change the dual localization of this protein, but that it might 
alter the distribution of BolA4-like protein in both organelles by shifting more of the protein to 
mitochondria compared to that of wild Glycine. 
 32 
The BolA-like protein family is conserved across all prokaryotes and eukaryotes. The 
BolA-like protein family can be grouped into four major classes named BolA1, BolA2, BolA3, 
and BolA4. Except in the case of Archaea and Cyanobacteria, most organisms generally have 
BolA-like protein representing at least two of the four major classes of BolA-like protein family 
(Couturier et al., 2014).  Soybean itself has six genes representing the four major classes of 
BolA–like protein: Glyma07g06180 (BolA1), Glyma16g34010 and Glyma09g29520 (BolA2), 
Glyma05g32180 and Glyma08g15471 (BolA3), and Glyma02g00320 (BolA4). 
Despite the highly conserved sequence of the BolA-like protein, which implies there is 
strong selection against altered function, little is known on the molecular function of BolA-like 
protein. Overexpression of E. coli bolA lead to the production of osmotically stable round cells 
(Aldea et al., 1988), while in Pseudomonas fluorescens, mutation of its bola gene lead to 
reduction in cell size under carbon starvation (Koch and Nybroe, 2006). Koch and Nybroe 
(2006) also reported that in P. fluorescens, BolA works in concert with two other genes that code 
for a putative sulphurtransferase and a disulphide isomerase. In humans, a frame shift mutation 
introduced a premature stop codon in BOLA3 that disrupts the maturation of lipoate-containing 
2-oxoacid dehydrogenase and also the formation of respiratory chain complexes. These 
disruptions lead to the genetic disease Multiple Mitochondria Dysfunctions Syndrome 2 
(MMDS2, MIM 613183).  
In Arabidopsis, it has been reported that the BolA domains of BolA2, BolA3, and BolA4 
protein interact with a wide range of monothiol glutaredoxins (Grxs) proteins (Couturier et al., 
2014), forming a heterodimer through the formation of a [2Fe-2S]-bridge (Fe-S cluster) (Li and 
Outten, 2012). This functional relationship was proposed before in prokaryotes based on the 
adjacency of both genes in prokaryotic genomes (Couturier et al., 2013). Interaction between 
AtBolA3 (At5g09830) with AtGRSX17 (At4g04950) has been reported by Qin et al. (2015). 
BolA3 is the smallest protein out of the four classes of BolA protein, containing only the BolA 
domain. Using a bola3 knockout mutant, Qin et al. (2015) reported that bola3 plants did not 
show any notable phenotype under normal growth conditions. But under excess iron in medium 
and Methyl Viologen (MV) treatment, bola3 plants exhibit more robust growth than that of wild 
type. bola3 mutant plants also show an increase in Reactive Oxygen Species (ROS) scavenging 
activity compared to wild type.  Excess of intracellular Fe leads to the production of hydrogen 
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peroxide and hydroxyl radicals via the Fenton reaction, whereas MV catalyze the formation 
superoxide free radicals, both of which could break down the Fe-S clusters.  
The study by Qin et al. (2015) suggest that BolA-Grx heterodimer protein has a role in sensing 
the status of the Fe-S cluster in the cytosol or organelles (Couturier et al., 2013). As the 
intracellular ROS increase, the Fe-S cluster bridging the BolA-Grx heterodimer breaks down and 
releases both BolA and Grx, allowing Grx to maintain redox homeostasis. In the case of soybean 
BolA4 protein, it is plausible that the predicted shift in the distribution of BolA4 protein could 
influence the redox homeostasis in mitochondria of soybean cells compared to wild Glycine 
species. If soybean BolA4 indeed forms BolA-Grx complexes in mitochondria, we proposed that 
this would lead to the reduced ROS scavenging activity in mitochondria. Mitochondria contains 
a high proportion of protein thiols which are tightly regulated through maintenance of redox 
balance in mitochondria (Nietzel et al., 2016). Given the close interplay between mitochondria 
and chloroplast that influence nuclear gene expression, photosynthesis regulation, light 
acclimation, and protection against photoinhibition (Noctor et al., 2007), a reduction in ROS 
scavenging activity in soybean mitochondria could possibly affect photosynthesis. More research 
will be needed to confirm whether interaction between soybean BolA4 and mitochondrial Grx 
does exist, and whether this interaction, if exist, would affect ROS scavenging activity in 
mitochondria and its effect on photosynthetic capacity of soybean compared to wild Glycine 
species. 
In summary, we have successfully assembled the transcriptomes of 12 wild Glycine 
accessions representing five wild Glycine species. Phylotranscriptomic analysis using RAxML 
and MrBayes successfully resolved the position of each wild Glycine accession based on its 
genome group, albeit with a slight topological incongruence with the result reported by 
Bombarely et al. (2014). We also conducted tests of positive selection on orthologous genes 
shared between soybean ans the 12 wild Glycine accessions, and reported 5 genes showing non 
neutral evolution with dN/dS ratio > 1. One of those gene, Glyma02g00320, has a dN/dS ratio > 
1 only in the soybean lineage. Glyma02g00320 codes for a BolA4-like protein, part of the BolA 
protein family that is conserved across all prokaryotes and eukaryotes. Our in silico analyses 
predicted a shift in the distribution of BolA4-like protein in mitochondria, which may lead to the 
change in redox homeostasis in soybean mitochondria compared to wild Glycine species. 
 34 
Whether the predicted change would affect soybean photosynthetic capacity compared to wild 
Glycine species is still an open question that merits further investigation. 
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Figure 2.1 Phylogenetic trees reconstructed using maximum likelihood as applied in RAxML. Trees were 
generated using different partitioning strategies: a) no partitioning of sequences, b) 
partitioning by gene, c) first codon positions, d) second codon positions, e) third codon 
positions, f) first and second codon positions, g) combination of strategies in (f) and (e), and 
h) combination of strategies (c), (d), and (e). Bootstrap supports value (1000 bootstraps) are 
shown on branches. 
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Figure 2.2 Phylogenetic trees reconstructed using a Bayesian approach as applied in MrBayes. Trees were 
generated using different partitioning strategies: a) no partitioning of sequences, b) partitioning 
by gene, c) first codon positions, d) second codon positions, e) third codon positions, f) first 
and second codon positions, g) combination of strategy in (f) and (e), and h) combination of 
strategy (c), (d), and (e). Numbers on the branches indicates the Bayesian posterior 
probability. 
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Figure 2.3 Evolutionary models used for conducting LRT to identify genes with sign of positive selection 
between soybean and wild Glycine accessions. Branches are color coded by genome group and 
or lineage.  LRTs were done to compare the null model (a) against the following models: (b) 
dN/dSsoybean ≠ dN/dSwild Glycine accessions,  (c) dN/dSsoybean ≠ dN/dSA genome group ≠ dN/dSD+E genome 
group, (d) dN/dSsoybean ≠ dN/dSA genome group ≠ dN/dSD+E ancestor ≠ dN/dSD genome group ≠ dN/dSE 
genome group, (e) dN/dSA-lineage ≠ dN/dSNon-A-lineage, (f) dN/dSD-lineage ≠ dN/dSNon-D-lineage, (g) 
dN/dSE-lineage ≠ dN/dSNon-E-lineage, (h) dN/dSD+E-lineage ≠ dN/dSNon-D+E-lineage. 
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Figure 2.4 Differences in the gene model between orthologs of Glyma02g00320 in (a) soybean and (b) 
the 12 wild Glycine accessions. The red box denotes the 24-base-pair sequence which is 
missing from soybean gene model (a). This 24-base-pair sequence is present in the 12 wild 
Glycine accessions. 
a 
b 
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Figure 2.5 Alignment of Glyma02g00320 and its orthologs from the 12 wild Glycine accessions. The putative signal peptide (red, based on 
PSORT prediction (Nakai and Horton, 1999)) and putative BolA domain (green, based on NCBI Conserved Domain Database) are 
marked in the alignment.
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Figure 2.6. WGS alignment of four soybean lines, (a) IA3023, (b) Skylla, (c) PI437169B, and (d) 
PI561370, against a 3,445 bp genomic region containing Glyma02g00320 derived from the 
soybean reference modified with the addition of 24 bp sequence from G1156 (red bars). 
Insets displayed the overall coverage of WGS against the reference. 
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Figure 2.7 WGS alignment of five Glycine soja accessions, (a) ERR274382, (b) ERR274383, (c) 
ERR274384, (d) ERR274385, and (e) ERR274386, against a 3,445 bp genomic region 
containing Glyma02g00320 derived from the soybean reference genome modified with the 
addition of 24 bp sequence from G1156 (red bars). Insets displayed the overall coverage of 
WGS against the reference. 
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Table 2.1 de novo assembly statistics of wild Glycine accessions used in this study. 
No 
CSIRO accession 
number 
Species 
Number of 
reads 
Number of 
contigs 
Length (bp) 
ORF 
Mean Maximum N50 
1 G1232 G. canescens 21,037,834 97,143 416 6,339 443 63,949 
2 G1126 G. clandestina 18,679,780 74,659 408 6,489 478 45,631 
3 G1253 G. clandestina 12,026,871 80,372 412 7,079 442 49,562 
4 G1300 G. syndetika 25,282,259 114,148 419 6,024 458 63,764 
5 G2073 G. syndetika 11,931,128 86,185 396 4,702 451 50,561 
6 G2321 G. syndetika 26,837,304 116,408 417 6,376 462 65,908 
7 G1156 G. tomentella D1 22,830,302 112,266 431 11,005 441 64,780 
8 G1157 G. tomentella D1 16,399,117 92,588 410 6,344 444 51,397 
9 G1364 G. tomentella D3 10,200,527 68,233 408 5,195 448 44,235 
10 G1366 G. tomentella D3 20,379,626 97,243 410 5,261 440 54,469 
11 G1403 G. tomentella D3 31,125,928 93,440 412 7,368 424 55,067 
12 G1820 G. tomentella D3 36,598,292 145,142 409 9,008 457 73,887 
 
Table 2.2 Genes with dN/dSsoybean ≠ dN/dSwild Glycine accessions based on LRT against null model at FDR adjusted p-value ≤ 0.1. 
Gene Id Ts/Tv ω soybean 
ω wild Glycine 
accessions 
lnL score 
Chi-square 
value 
p-value 
Adjusted     
p-value 
Glyma05g37790.7* 3.1546  0.45585 0.23625 -1365.463 33.31956 0.0000000 0.0000120 
Glyma06g03410.1 0.86085 0.30257 0.02367 -1527.734 11.8464  0.0005777 0.0884503 
Glyma08g07400.1 2.73246 0.07534 0.23461 -6180.253 12.02702 0.0005243 0.0884503 
Glyma10g39390.2* 2.19007 0.49971 0.35905 -3847.761 17.46127 0.0000293 0.0149640 
Glyma11g01020.1 0.91492 0.19636 0.0095  -1863.724 12.27507 0.0004590 0.0884503 
Glyma11g03350.1 1.12762 0.0001  0.89541 -1640.77  13.59356 0.0002270 0.0694962 
Glyma11g37660.1* 2.55387 0.10459 0.61992 -4604.032 18.76305 0.0000148 0.0113299 
Glyma15g02350.3 2.01194 0.0001  0.46023 -1613.967 12.1498  0.0004909 0.0884503 
Glyma15g05580.1 2.04875 0.47183 1.38838 -3378.236 12.85087 0.0003373 0.0860732 
Glyma18g17367.1 1.87574 0.0001  0.31182 -2519.461 14.21247 0.0001633 0.0624973 
* Significant at FDR adjusted p-value ≤ 0.05. 
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Table 2.3 Genes with dN/dSsoybean ≠ dN/dSA genome group ≠ dN/dSD+E genome group based on LRT against null model at FDR adjusted p-value ≤ 0.1. 
Gene Id Ts/Tv ω soybean 
ω A 
genome 
ω D+E 
genome 
lnL score 
Chi-square 
value 
p-value 
Adjusted     
p-value 
Glyma05g37790.7* 3.15671 0.45601 0.28315 0.20208 -1365.145 33.95442 0.0000000 0.0000648 
Glyma11g37660.1* 2.55489   0.1046  0.63961 0.58567 -4604.007 18.81147 0.0000823 0.0419754 
Glyma13g25260.1* 1.02978 0.11754 0.58954 0.10707 -3613.845 23.36948 0.0000084 0.0064465 
Glyma15g05580.1 2.04825 0.47036 2.20944 0.60489 -3375.926 17.47216 0.0001607 0.0615011 
* Significant at FDR adjusted p-value ≤ 0.05. 
 
Table 2.4 Genes with dN/dSsoybean ≠ dN/dSA genome group ≠ dN/dSD+E ancestor ≠ dN/dSD genome group ≠ dN/dSE genome group based on LRT 
against null model at FDR adjusted p-value ≤ 0.1. 
Gene Id Ts/Tv ω soybean 
ω A 
genome 
ω D 
genome 
ω E 
genome 
ω D+E 
genome 
Glyma02g00320.1 0.5699  1.16143 0.07401 999.00000 0.00010 0.00010 
Glyma02g37870.1 1.49415 0.5327  0.82216 734.36350 0.10433 0.09476 
Glyma05g37790.7* 3.15091 0.45582 0.28303 0.14938 0.29882 0.00010 
Glyma07g10000.1* 1.54293 0.19867 0.02437 0.33824 0.00010 0.00010 
Glyma11g03350.1 1.1282  0.0001  0.94251 0.00010 999.00000 999.00000 
Glyma11g37660.1 2.5566  0.1059  0.6401  0.42075 1.22751 0.48777 
Glyma13g25260.1* 1.02905 0.11748 0.58888 0.15321 0.04420 0.11300 
Glyma13g41960.1 1.13995 0.0808  0.31504 1.52713 0.05819 0.07977 
Glyma15g05580.1 2.03581 0.47048 2.17698 0.23169 0.71181 1.19124 
Glyma16g01120.1 2.77814 0.33262 0.0871  0.42445 1.34744 0.00010 
* Significant at FDR adjusted p-value ≤ 0.05. 
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Table 2.4 (continued) 
Gene Id lnL score 
Chi-
square 
value 
p-value 
Adjusted     
p-value 
Glyma02g00320.1 -894.4067  22.40569 0.0001664 0.0509487 
Glyma02g37870.1 -2928.0508  19.78293 0.0005512 0.0856268 
Glyma05g37790.7* -1364.4564  35.33251 0.0000004 0.0006077 
Glyma07g10000.1* -3194.3011  28.36383 0.0000105 0.0080565 
Glyma11g03350.1 -1637.1639  20.80524 0.0003461 0.0662354 
Glyma11g37660.1 -4602.9865  20.85338 0.0003386 0.0662354 
Glyma13g25260.1* -3613.2859  24.48789 0.0000638 0.0325381 
Glyma13g41960.1 -2018.1205  21.01784 0.0003141 0.0662354 
Glyma15g05580.1 -3374.7862  19.75069 0.0005593 0.0856268 
Glyma16g01120.1 -3332.2327  22.65901 0.0001481 0.0509487 
 
 
Table 2.5 Genes with dN/dSA-lineage ≠ dN/dSNon-A-lineage based on LRT against null model at FDR adjusted p-value ≤ 0.1. 
Gene Id Ts/Tv 
ω Non A-
lineage 
ω A-
lineage 
lnL score 
Chi-square 
value 
p-value 
Adjusted     
p-value 
Glyma05g37790.7* 3.15306 0.23409 0.28301 -1365.87  32.50553 0.0000000 0.0000182 
Glyma07g10000.1 1.57632 0.23096 0.02446 -3201.897 13.17105 0.0002843 0.0725456 
Glyma10g39390.2* 2.19158 0.4101  0.31814 -3847.929 17.12546 0.0000350 0.0133925 
Glyma13g25260.1* 1.02987 0.11325 0.58944 -3613.862 23.33556 0.0000014 0.0010415 
Glyma14g37770.1 1.90633 0.55363 0.11955 -2871.025 14.12878 0.0001707 0.0522719 
Glyma15g05580.1* 2.04637 0.49291 2.21621 -3376.058 17.208   0.0000335 0.0133925 
* Significant at FDR adjusted p-value ≤ 0.05. 
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Table 2.6 Genes with dN/dSD-lineage ≠ dN/dSNon-D-lineage based on LRT against null model at FDR adjusted p-value ≤ 0.1. 
Gene Id Ts/Tv 
ω Non D-
lineage 
ω D-
lineage 
lnL score 
Chi-square 
value 
p-value 
Adjusted     
p-value 
Glyma02g17160.1 2.36652 0.13325 999.00000 -1904.848 12.63082 0.0003794 0.0829886 
Glyma02g43100.1* 1.96419 0.12448 17.25227 -2948.541 15.21941 0.0000957 0.0366348 
Glyma05g37790.7* 3.14952 0.30792 0.14937 -1364.703 34.83875 0.0000000 0.0000055 
Glyma07g10000.1* 1.53974 0.04262 0.33601 -3198.542 19.88172 0.0000082 0.0063065 
Glyma07g40090.1 1.1509  0.10244 0.55426 -4557.681 12.91104 0.0003266 0.0829886 
Glyma13g41960.1* 1.13769 0.09417 1.52388 -2020.835 15.58809 0.0000787 0.0366348 
Glyma17g05000.2 2.49853 0.23946 0.00010 -6097.6   14.16798 0.0001672 0.0511942 
* Significant at FDR adjusted p-value ≤ 0.05. 
 
Table 2.7 Genes with dN/dSE-lineage ≠ dN/dSNon-E-lineage based on LRT against null model at FDR adjusted p-value ≤ 0.1. 
Gene Id Ts/Tv 
ω Non E-
lineage 
ω E-
lineage 
lnL score 
Chi-square 
value 
p-value 
Adjusted     
p-value 
Glyma05g37790.7* 3.14977 0.24255 0.29879 -1365.891 32.46346 0.0000000 0.0000186 
Glyma10g39390.2* 2.19054 0.36507 0.56085 -3847.710 17.56226 0.0000278 0.0212849 
* Significant at FDR adjusted p-value ≤ 0.05. 
 
Table 2.8 Genes with dN/dSD+E-lineage ≠ dN/dSNon-D+E-lineage based on LRT against null model at FDR adjusted p-value ≤ 0.1. 
Gene Id Ts/Tv 
ω Non 
D+E-
lineage 
ω D+E-
lineage 
lnL score 
Chi-square 
value 
p-value 
Adjusted     
p-value 
Glyma05g37790.7* 3.14977 0.24255 0.29879 -1365.891 32.46346 0.0000000 0.0000186 
* Significant at FDR adjusted p-value ≤ 0.05. 
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Table 2.9 Nucleotide variants between soybean Glyma02g00320 CDS and 12 wild Glycine accessions. 
Position (bp) 
Category Type Variants Notes 
Soybean Wild Glycine 
9-10 10 -33 Indel 24 bp indel - 
Wild Glycine sequence: 
CAAGTGTTTTCTCTCTCACTCTCA 
10 34 SNV Non-Synonymous C//G Soybean: CTC (Leucine); Wild Glycine: GTC (Valine) 
16 40 SNV Non-Synonymous G/A 
Soybean: GCC (Alanine); Wild Glycine: ACC 
(Threonine) 
22 - 24 46 – 48 SNV Non-Synonymous C/A 
Soybean: CCT (Proline); G1366 & G1364: AAT 
(Asparagine)  
    
C/A; T/C 
Soybean: CCT (Proline); G1300, G2321, & G2073: 
ACC (Threonine) 
    
C/A 
Soybean: CCT (Proline); Wild Glycine: ACT 
(Threonine) 
25 49 SNV Non-Synonymous T/A 
Soybean: TCC (Serine); Wild Glycine: ACC 
(Threonine) 
43 - 44 67 - 68 SNV Non-Synonymous G/C; T/G Soybean: GTT (Valine); Wild Glycine: CGT (Arginine) 
52 76 SNV Synonymous T/C Soybean: TTG (Leucine); G2073: CTG (Leucine) 
65 89 SNV Non-Synonymous A/T 
Soybean: TAC (Tyrosine); D genome group: TTC 
(Phenylalanine) 
78 102 SNV Synonymous C/G Soybean: CTC (Leucine); G1126: CTG (Leucine) 
103 127 SNV Non-Synonymous C/A 
Soybean: CCT (Proline); A genome group: ACT 
(Threonine) 
111 135 SNV Synonymous C/G Soybean: TCC (Serine); G1157: TCG (Serine) 
118 142 SNV Non-Synonymous C/A 
Soybean: CAT (Histidine); Wild Glycine: AAT 
(Asparagine) 
127 151 SNV Non-Synonymous A/G 
Soybean: AAT (Asparagine); D genome group: GAT 
(Aspartic acid) 
139 163 SNV Non-Synonymous C/T 
Soybean: CTT (Leucine); D genome group: TTT 
(Phenylalanine) 
145 & 147 169 & 171 SNV Non-Synonymous T/C; C/A Soybean: TCC (Serine); G1253: CCA (Proline) 
    
T/C Soybean: TCC (Serine); Wild Glycine: CCC (Proline) 
152 176 SNV Non-Synonymous A/C 
Soybean: ACG (Threonine); Wild Glycine: AAG 
(Lysine) 
156 180 SNV Non-Synonymous T/A 
Soybean: TTT (Phenylalanine); Wild Glycine: TTA 
(Leucine) 
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Table 2.9 (continued) 
Position (bp) 
Category Type Variants Notes 
Soybean Wild Glycine 
163 & 165 187 & 189 SNV Non-Synonymous C/A; T/G 
Soybean: CCT (Proline); Wild Glycine: ACG 
(Threonine) 
167 191 SNV Non-Synonymous C/T 
Soybean: ACT (Threonine); D genome group: ATT 
(Asparagine) 
    
C/G 
Soybean: ACT (Threonine); Wild Glycine (excluding D 
genome group): AGT (Serine) 
174 198 SNV Synonymous T/G Soybean: CTT (Leucine); G1300: CTG (Leucine) 
180 204 SNV Non-Synonymous T/C 
Soybean: AAT (Asparagine); G1126: AAC 
(Asparagine) 
    
T/G 
Soybean: AAT (Asparagine); Wild Glycine (excluding 
G1126): AAG (Lysine) 
202 226 SNV Non-Synonymous C/G Soybean: CTC (Leucine); Wild Glycine: GTC (Valine) 
213 237 SNV Synonymous T/G 
Soybean: GCT (Alanine); Wild Glycine (excluding A 
genome group): GCG (Alanine) 
216 240 SNV Synonymous C/T 
Soybean: GGC (Glycine); Wild Glycine (excluding A 
genome group): GGT (Glycine) 
222 246 SNV Synonymous C/T 
Soybean: ATC (Isoleucine); E genome group: ATT 
(Isoleucine) 
228 252 SNV Synonymous T/G Soybean: TCT (Serine); Wild Glycine: TCG (Serine) 
234 258 SNV Synonymous T/G Soybean: CTT (Lysine); Wild Glycine: CTG (Lysine) 
247 271 SNV Non-Synonymous C/G 
Soybean: CAG (Glutamine); Wild Glycine: GAG 
(Glutamic acid) 
286 310 SNV Non-Synonymous T/A 
Soybean: TCC (Serine); Wild Glycine: ACC 
(Threonine) 
291 315 SNV Synonymous C/G Soybean: GTC (Valine); Wild Glycine: GTG (Valine) 
384 408 SNV Synonymous T/G Soybean: GTT (Valine); G1253: GTG (Valine) 
462 486 SNV Synonymous A/G Soybean: GCA (Alanine); G2073: GCG (Alanine) 
465 489 SVN Synonymous C/A 
Soybean: GCC (Alanine); G1300, G2073, & G2321: 
GCA (Alanine) 
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Table 2.10 Prediction of subcellular localization of BolA4-like protein. 
Program 
Length 
(aa) 
Predicted localization 
Sequence 
Chloroplast Mitochondria Secretory Other 
 
165 0.85 0.219 0.03 0.007 G1156 
TargetP 165 0.838 0.11 0.09 0.01 
Soybean + 24 bp 
sequence 
  157 0.619 0.474 0.006 0.006 Soybean 
 
165 0.898887 0.0888055 0.00327496 0.00903306 G1156 
MultiLoc 165 0.869083 0.110852 0.00645044 0.0136141 
Soybean + 24 bp 
sequencel 
  157 0.133996 0.839099 0.00726229 0.0196433 Soybean 
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CHAPTER 3: GENE EXPRESSION PATTERN OF ALLOTETRAPLOID 
SPECIES IN THE GENUS Glycine SUBGENUS Glycine 
 
Abstract 
The merger of two divergent genomes presents a dramatic change not only at the level of 
gene expression and its regulation, but also at an evolutionary level. Allotetraploid Glycine 
dolichocarpa (AADD) was derived from the merger of two diploid wild Glycine genomes, A and 
D, and has been reported to exhibit a wider range of geographical distribution and greater 
adaptability to different environmental conditions. In this study we explored the effect of genome 
merger on the expression of genes in G. dolichocarpa and its diploid progenitors and the 
differential expression of its homeologs in response to high light stress (EL). We found that only 
a small percentage of the genes in G. dolichocarpa displayed unequal expression in comparison 
to its diploid progenitor and that this difference was not correlated with differential expression of 
its homeologs. We also found genes in G. dolichocarpa that exhibited differential pattern of 
homeolog expression bias in response to EL and proposed a model with RNA-directed DNA 
Methylation (RdDM) as the main mechanism behind the observed change of homeolog bias. The 
apparent relationship between differential patterns of homeolog expression bias and light stress 
would suggest that sub-functionalization of homeologs could possibly contribute to the greater 
adaptability of polyploid species to environmental conditions. 
 
Introduction 
Whole genome duplication (WGD) has occurred multiple times throughout the evolution 
of flowering plants and it has been argued as one of the factors behind the overwhelming 
diversity of angiosperms, which includes all the important food crop species (Jiao et al., 2011). 
The expansions of the genic space following WGD have been suggested to have a crucial role in 
the phenotypic diversity of angiosperms (Amborella Genome Project, 2013; Van de Peer et al., 
2009) possibly by providing raw material for further evolution (Doyle et al., 2008). Based on its 
taxonomic origin, WGD can be divided into intraspecific genome duplication (autopolyploidy) 
or interspecific genome hybridization/duplication (allopolyploidy) (Doyle and Egan, 2010). In 
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the case of allopolyploids, the merging of two different genomes have been associated with 
major changes in both genetic and epigenetic levels (Doyle et al., 2008), a phenomenon 
described by Mclintock as “genomic shock” (McClintock, 1984).  
The hybridization of two different genomes in an allopolyploidy event likely has a much 
greater effect on gene expression than the doubling of the genome in autopolyploidy, resulting in 
diverse observations of non additive gene expression or unequal expression of homeologs in 
allopolyploids (Adams, 2007). Unequal expression of homeologs, heretofore referred as 
homeolog expression bias, have been reported in different species as diverse as allotetraploid 
cotton (Gossypium hirsutum) (Dong and Adams, 2011; Liu and Adams, 2007; Yoo et al., 2013), 
coffee (Coffea sp) (Combes et al., 2012), hexaploid common wheat (Triticum aestivum) (Liu et 
al., 2015b), and the allopolyploid fungus Neotyphodium lolii x Epichloë typhina (NxE) Lp1 (Cox 
et al., 2014), and often in a tissue specific manner (Dong and Adams, 2011). Studies in 
allotetraploid cotton (G. hirsutum) and hexaploid common wheat (T. aestivum) have also 
revealed that homeologous genes might exhibit a differential pattern of homeolog expression 
bias in response to diverse environmental stresses, and suggested that differential expression of 
its homeolog might be the mechanism in which polyploids achieve sub-functionalization of its 
homeologs (Liu and Adams, 2007; Liu et al., 2015b). A similar observation regarding expression 
divergence between duplicated genes has been reported before in soybean, a known 
paleopolyploid plants that have undergone diploidization (Schmutz et al., 2010). Due to its 
history of WGD, up to 75% of the genes in soybean are present in multiple copies (Roulin et al., 
2013). Observation on the expression of the duplicated genes in soybean reveals that majority of 
the duplicated gene pairs displayed divergence in their expression (Roulin et al., 2013; Schlueter 
et al., 2004) 
Another major change in the expression of genes in allopolyploids can be seen when we 
compare the total expression of a given homeologous gene pair in an allopolyploid with 
expression of the homologous genes in its diploid progenitors. In both cotton and coffee, it has 
been shown that a large portion of the genes observed were expressed at a different levels in the 
allotetraploid crop compared to one or both of its diploid progenitors (Bardil et al., 2011; Cox et 
al., 2014; Rapp et al., 2009; Yoo et al., 2013). Interestingly, a proportion of those genes were 
expressed at levels that are similar to one of the diploid parents, regardless of whether the 
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expression level was lower or higher with respect to the other diploid parent, a phenomenon now 
described as expression level dominance (Grover et al., 2012). 
Expression level dominance is a concept introduced more recent compared to homeolog 
expression bias. It was first known as genome dominance or genome expression dominance, 
which create confusion since similar words have been used to described different phenomena 
(Grover et al., 2012). Expression level dominance was first described in cotton by Rapp et al. 
(Rapp et al., 2009) when looking at expression of genes in diploid and allopolyploid cotton using 
microarray with probed designed against conserved region between the two diploid genomes 
studied. Homeolog expression bias itself was studied at single gene using qRT-PCR (Liu and 
Adams, 2007), across multiple gene using single strand conformation polymorphism (SSCP)-
cDNA (Dong and Adams, 2011), and across thousands of genes using microarray with 
homeolog-specific probes (Flagel et al., 2008; Udall et al., 2006) and RNA-Seq (Yoo et al., 
2013). From the difference in the methods used to measure both phenomena, we can see that 
homeolog expression bias differentiate the expression of both homeologs while expression level 
dominance focused on the total / sum of overall expression of both homeologs in allopolyploids 
compared to its diploid progenitors. Previously, it is not possible to study both phenomena 
together. But with the advent of RNA-Seq, it is now possible study both homeolog expression 
bias and expression level dominance between diploid and polyploid as shown by Yoo et al. 
(2013). 
The genus Glycine is composed of a combination of the annual cultivated soybean 
(Glycine max) and its wild progenitor G. soja, both grouped under subgenus Soja. It also 
includes a variety of diploid and natural allo and autotetraploid perennial Glycine species, all 
grouped under subgenus Glycine. Along with the WGD events shared with other angiosperms 
(Jiao et al., 2011) and a legume-specific WGD (Severin et al., 2011; Van de Peer et al., 2009), all 
members of  Glycine also possess a Glycine-specific WGD that occured circa 13 Million Years 
ago (MYa) followed by diploidization process prior to the divergence of annual and perennial 
species (Doyle and Egan, 2010). The formation of the allopolyploid Glycine involved additional 
WGDs as a result of interspecific hybridization of several diploid Glycine species, producing a 
reticulate relationship between the genomes of the diploid and tetraploid Glycine species 
(Bombarely et al., 2014; Doyle et al., 2004). Recent study by Bombarely et al (2014) reported 
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that estimation of the allelic divergence between diploids and allopolyploids suggests that 
allopolyploid Glycine were formed circa 0.3 MYa. 
Allopolyploid wild Glycine species themselves present a unique opportunity to study 
polyploid evolution at its intermediate stage (Sherman-Broyles et al., 2014a) given its predicted 
formation of circa 0.3 MYa, in addition to the use of Tragopogon allopolyploids (Buggs et al., 
2014) and allotetraploid cotton (Yoo et al., 2013) to study early and older stage polyploids. 
Several studies regarding the expression and fate of duplicated genes in have been done in recent 
years and mostly focused on the species within the G. tomentella complex, which consist of six 
tetraploid and six diploid progenitor “races” (Sherman-Broyles et al., 2014a). Ilut et al. (2012) 
compared the level of expression of genes between G. dolichocarpa and its diploid progenitors 
G. syndetika and G. tomentella D3 and found that at least 31% of the genes in G. dolichocarpa 
exhibited expression levels that are significantly different from at least one of its diploid 
progenitors. A transgressive up-regulation of 10 out of the 11 Calvin cycle genes was also 
observed in G. dolichocarpa compared to its diploid progenitors (Ilut et al., 2012). G. 
dolichocarpa also showed a greater capacity for non-photochemical quenching (NPQ), a 
photoprotective mechanisms that protect the photosysnthetic machinery. Coate et al. (2013) 
reported that in G. dolichocarpa, increase in NPQ capacity is related to the transgressive up-
regulation of genes related with the NPQ systems compared to its diploid progenitors. Study 
regarding the fate of duplicated genes in allotetraploid G. dolichocharpa, G. tomentella T1, and 
G. tomentella T5 revealed that homeologs from the two sub genomes were retained after 
polyploidization events (Bombarely et al., 2014) 
This study was performed using transcriptomic datasets originally generated to study the 
effects of polyploidy on the ability of allopolyploid Glycine to cope against abiotic stress in the 
form of high light (EL) (Coate et al., 2013). We leveraged the use of RNA-Seq and combined 
this with de novo transcriptome assembly of archetype diploid progenitors to discern the 
expression of homeologs from the two sub genomes in allotetraploid Glycine. In this study we 
examined the differential patterns of homeolog expression bias in allotetraploid Glycine in 
response to abiotic stress, in the form of high light conditions. We also explore the relationship 
between expression level dominance and homeolog expression bias and how it pertains to high 
light condition. We observed a possible relationship between differential pattern of homeolog 
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expression bias and sub-functionalization of genes regulated by a light induced regulatory 
network in response to light stress.  
 
Materials and Methods 
Plant material 
Through collaboration with Dr. Jeff Doyle and colleagues from Cornell University we 
have obtained transcriptome read data from wild diploid and allotetraploid Glycine accessions 
obtained from Commonwealth Scientific and Industrial Research Organization (CSIRO) 
collections. The datasets consist of wild Glycine accessions representing 8 different diploid and 
allotetraploid species from three different genome groups, A, D, and E genome groups (Table 
3.1). Plant samples were grown under 12 h/12 h light/dark cycle with 22°C/18°C day-night 
temperature regime. Two light intensity conditions were applied to the plants 125 μmol/m-1s-1 
(low light condition/LL) and 800 μmol/m-2s-1 (high light condition/EL). RNA was sampled from 
the central leaflet of a 1-week-old fully expanded trifoliate leaves collected 0.5 to 2 h after 
exposure to either LL or EL. Single-end RNA-Seq libraries were were constructed following the 
Illumina mRNA-seq Sample Preparation Kit protocol (Illumina, San Diego, CA, USA). 
Sequencing was performed using Illumina GAIIx or HiSeq 2000 platform with read length of 88 
bp and 100 bp, respectively. Sequencing was performed using Illumina GAIIx and HiSeq 2000 
platform with read length of 88 bp and 100 bp, respectively. The RNA-Seq libraries used in this 
study has been published before and deposited in NCBI Sequence Read Archive under accession 
SRP011928 (Coate et al., 2013) and SRP038128 (Bombarely et al., 2014). 
 
de novo transcriptome assembly 
 Three different wild Glycine accessions, G1232, G1820, and G1156, were selected as the 
archetypes of the A, D, and E diploid genome groups respectively for the purposes of this study. 
RNA-Seq libraries from the selected accessions were used for de novo transcriptome assembly. 
Sequencing adapters were trimmed from raw RNA-Seq reads using an in-house perl script. 
RNA-Seq libraries from G1232 (two libraries), G1820 (three libraries), and G1156 (two 
libraries) were pooled separately for each accession prior to de novo transcriptome assembly. 
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Transcriptome assembly for selected diploid wild Glycine accessions was done using the Trinity 
assembler ver. R2012-01-25 (Grabherr et al., 2011). 
 
Reciprocal blast analysis 
To obtained a list of orthologous genes shared across the three selected accessions, we 
conducted a Reciprocal Best BLAST Hit (RBH) analysis between the soybean gene model CDS 
(Glyma.Wm82.a1.v1.1) (Schmutz et al., 2010) and the transcriptome assembly of the selected 
wild Glycine accessions using BLASTN ver. 2.2-26 (Altschul et al., 1990) with and e-value cut 
off ≤ 1 x 10-6. Genes reported as being orthologs shared between soybean and the three 
accessions were aligned using PRANK ver. 120716 (Loytynoja and Goldman, 2008) with codon 
option (-codon). 
 
Mapping and expression measurement of RNA-Seq reads 
For the multiple sequence alignment of each set of orthologous genes, we remove regions 
in the alignment that are not shared between soybean and all the three accessions transcript 
assemblies using an in-house perl script, creating a Conserved Coding Sequence (CCS) shared 
across soybean and the three accessions. Orthologous gene sets with CCS region length less than 
200 bp were discarded before downstream analysis. We then used the CCS region from G1232 
and G1820 as references for mapping RNA-Seq reads from all accessions in the A and D 
genome groups, respectively. To better simulate the expansion of the transcriptome in the 
allotetraploid accessions derived from merging of A and D genome following polyploidization 
events, we create a pseudotranscriptome of the allotetraploid Glycine by merging the CCS from 
both G1232 (A genome) and G1820 (D genome) accessions, creating a Hybrid Pseudo 
Transcriptome (HPT). All RNA-Seq reads from tetraploid accessions derived from merging of A 
and D genome were mapped to the HPT.  
Sequencing adapters were removed from raw RNA-Seq reads from all sequencing 
libraries using an in-house perl script. RNA-Seq libraries from diploid accessions were then 
mapped to either G1232 or G1820 CCS based on their respective genome group. RNA-Seq 
libraries from the AADD tetraploid accessions were mapped to HPT CCS. Mapping was done 
using Novoalign ver. 3.02 (www.novocraft.com) and read counts was summarized using eXpress 
ver. 1.5.1 (Roberts and Pachter, 2012). We follow the convention used by Yoo et al. (2013) by 
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calling the parental alleles in the allotetraploid accession as At or Dt homeolog and by extension 
any homeolog-specific reads in the allopolyploids as At or Dt reads. 
Mapped reads were analyzed using DESeq package ver 1.6.0 (Anders and Huber, 2010) 
in R version 3.1.2 (R Development Core Team, 2008). Due to the difference between HPT and 
the diploid transcriptome reference, we conduct two separate normalizations. We first 
normalized libraries for all homeologous gene pair across both light conditions. This was used in 
assessing homeolog expression bias. In a separate normalization step, we took the sum of 
expression level for each homeologous gene pair from tetraploid accession libraries and 
normalize them along with the expression level of diploid libraries. This was used in studying 
unequal expression levels (UEX) and expression level dominance between the allotetraploid and 
its diploid ancestors. We used DESeq built-in normalization for both type normalization.  
 
Analyses of homeolog expression bias and expression level dominance 
Differential expression between AA diploid, DD diploid and AADD tetraploid accessions 
was assessed using one-way ANOVA test assuming unequal variance. The null hypothesis for 
ANOVA test was that there is no difference in expression levels between A diploids, D diploids, 
and AADD tetraploid orthologs. We corrected for multiple testing using FDR adjusted p-value ≤ 
0.05. One-way ANOVA tests were done separately for LL and EL conditions. Orthologous genes 
reported as having unequal expression levels between A diploid, D diplois, and allotetraploid 
accessions were further binned into 12 possible expression categories according to Rapp et al. 
(Rapp et al., 2009) and Yoo et al. (2013) (Figure 3.1). Briefly, genes were binned according to 
their mean expression level across all of the allotetraploid accessions relative to the expression 
level the diploid genome progenitors and the predicted mid-parent value using a t-test. The mid-
parent value was obtained by averaging the expression value of both A and D diploid parents. 
We explored the existence of genes exhibiting homeolog expression bias in 
allotetraploids using the previously described HPT as reference. Prior to the analysis we removed 
any gene from the analysis that has at least 3 libraries with read counts < 5 in at least one of the 
At or Dt homeolog in either LL or EL conditions. The filtering criterion was applied to reduce 
the possibility of errors introduced during the read mapping step affecting the analysis.  
Homeolog expression bias between At and Dt homeologs in the allotetraploid was 
assessed using Fisher’s exact tests with the null hypothesis of equal expression between the At 
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and Dt homeologs against an alternative hypothesis of unequal expression between At and Dt 
homeologs. The test was conducted separately for LL and EL conditions. P-value adjustment for 
multiple testing was done using FDR adjusted p-value ≤ 0.05. Genes with non-significant p-
values were binned into No bias category. Significant genes were further binned into bias 
categories by taking the fold change of mean At homeolog to mean Dt homeolog expression 
level. Significant homeologous gene pairs with fold change (At/Dt) > 1 were reported as 
exhibiting biased expression towards the At homeolog and binned into A-bias, while 
homeologous gene pairs with fold change < 1 were reported as exhibiting biased expression of 
the Dt homeolog and binned as D-bias. In the cases where significant homeologous gene pairs 
having fold change exactly equal to 1, said genes were binned into Undefined bias and discarded 
from further analysis. For all of the genes that can be classified into the 12 expression patterns 
described above under both LL and EL, we also examine the existence of homeolog expression 
bias between homeologs that constitutes the expression level of the respective genes in 
allotetraploid.  
We explored the possibility of genes displaying A-bias, D-bias, and No bias changing 
bias categories in response to high light. The analysis was limited to genes displaying the three 
bias categories that are shared between the two light conditions. We proposed nine possible 
pairing of the three categories of homeolog expression bias between LL and EL: No bias under 
LL condition with No bias (Pair I), A bias (Pair II), and D bias (Pair III) under EL, A bias under 
LL with No bias (Pair IV), A bias (Pair V), and D bias (Pair VI) under EL, and D bias under LL 
to No bias (Pair VII), A bias (Pair VIII), and D bias (Pair IX) under EL.  
We performed Gene Ontology (GO) terms enrichment analysis on the soybean orthologs 
of genes in Pair VI and VIII bias using AgriGO (Du et al., 2010). We also performed enrichment 
analysis of possible cis-regulatory motifs on the soybean orthologs of the genes in Pair VI and 
Pair VIII. Analysis was done on the 2 kb region of the soybean orthologs of Pair VI and Pair VII 
genes using Sift (Hudson and Quail, 2003) (http://stan.cropsci.uiuc.edu/cgi-
bin/sift/soysift_array.cgi) to find novel regulatory motifs that are over represented in soybean 
orthologs of genes in both Pair VII and VIII compared to all soybean promoters. We also looked 
at enrichment of known regulatory motifs in the 2 kb upstream region of the soybean orthologs 
of Pair VI and Pair VII genes compared to all known regulatory motifs in soybean promoter 
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using Elefinder (Matthew E. Hudson, unpublished, http://stan.cropsci.uiuc.edu/cgi-
bin/elefinder/elefinder_all.cgi). 
 
Results 
de novo transcriptome assembly of archetype species 
RNA-Seq reads were preprocessed to remove any sequencing adapter, and reads from 
both low and high light conditions were pooled for each accession separately. The number of 
reads after the preprocessing steps was 21 million for G1232, 29.6 million for G1820, and 22.8 
million for G1156 (Table 3.2).  The number of contigs assembled for each accession was 97,143 
contigs and N50 of 443 bp for G1232, 145,142 contigs and N50 of 457 bp for G1820, and 
112,266 contigs and N50 of 441 bp for G1156.  
 
Detection of orthologous gene and alignment 
We performed a Reciprocal Best BLAST Hit (RBH) analysis between soybean CDS and 
the three selected accessions’ transcriptome assemblies, with an e-value cut off ≤ 1e-6. For each 
pairwise blastn, only contigs that showed a reciprocal association between a given soybean gene 
and the respective contigs were retained for further analysis. Orthology was reported if a 
reciprocal relationship between contigs from each of the three wild Glycine accessions with the 
same soybean gene model could be established. Under the above criteria we found 9,320 
orthologous genes shared between soybean and the three wild Glycine accessions.  
We then aligned orthologous gene groups, each consisting of DNA sequences derived 
from soybean gene models and mRNA derived cDNA data from the three wild Glycine 
accessions, separately using PRANK (Loytynoja and Goldman, 2008) under the “codon 
alignment” setting. We generated a CCS shared between soybean and the three wild Glycine 
accessions for each of the 9,320 orthologous genes. Any orthologous gene with CCS length < 
200 bp was discarded from further analysis, retaining a total of 5,060 CCS of orthologous genes 
as a reference dataset for expression analysis across the three accessions. 
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Genes exhibiting unequal expression between diploid and allotetraploid wild Glycine 
accessions in leaf transcriptome under two different light conditions 
We binned the pattern of expression level of the AA and DD diploid accessions and the 
AADD tetraploid accession into the 12 categories described by Rapp et al. (2009) and Yoo et al. 
(2013) using Welch’s One-way ANOVA test, assuming unequal variance between the diploid 
progenitors and the tetraploid accessions. The expression level of the tetraploid accessions was 
obtained by combining the expression level of the At and Dt homeologs measured using HPT as 
reference. Our one-way ANOVA test reported 135 genes with UEX between the two diploid 
parents and the tetraploid Glycine under LL conditions, and 35 genes were reported as having 
UEX under EL conditions (Table 3.3). By applying the t-test to further bin the genes into the 12 
categories we were able to categorize the expression pattern for the majority of the genes. For 
genes displaying UEX under LL conditions, a total of 123 genes were successfully binned into 
the 12 expression patterns with the remaining 12 genes unable to be binned into any expression 
pattern. Under EL conditions, out of the 35 genes displaying UEX, 34 genes were successfully 
binned into the 12 expression patterns with one gene unable to be classified. 
The proportion of orthologous genes that exhibit UEX between the two diploid 
progenitors and allotetraploids compared to the overall orthologous gene sets that we observed in 
this study is relatively small, only 0.024 % of the genes under LL, and an even smaller 
proportion for the genes under EL conditions  (0.0067 %) (Table 3.3). We found that despite the 
observed difference in the number of genes in each of the 12 categories between the two light 
conditions, there is no significant difference in the proportion of genes in each category (Fisher’s 
exact test p-value = 0.075). 
Only seven genes were shared between the list of genes showing UEX between the 
diploid progenitors and allotetraploids under LL and EL conditions (Table 3.4). Out of the seven 
genes, four of them showed changes in expression pattern from additivity (Type I) to D-
expression level dominance (Type II): Glyma13g32970 (Protein Executer 1, 
Chloroplastic/DUF3506) and Glyma08g01835 (Protein TRM32/Phosphatidylinositol N-
Acetylglucosaminyl transferase subunit P), from A-expression level dominance (Type IV) to 
additivity (Type XII): Glyma09g00510 (Serine protease family S1C HTRA-related), and from 
transgressive down regulation (Type X) to A-expression level dominance (Type IX): 
Glyma09g34440 (Plastidial Glycolate/Glycerate Translocator 1). The remaining orthologous 
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genes that are not shared between the two gene sets, 116 genes under LL and 27 under EL 
condition, based on our statistical test were reported as having equal expression levels (EEX) 
between the two diploid parents and the tetraploid Glycine under LL and EL respectively. This is 
despite the similarity between the expression pattern of the tetraploid and the diploid progenitors 
observed in either LL or EL conditions (Figure 3.2 and Figure 3.3). 
 
Homeolog expression bias in allotetraploid wild Glycine accessions under two different 
light conditions 
We retained 3,491 homeologous gene pairs out of the 5,060 homeologous gene pairs 
under LL and EL conditions using our filtering criteria. This analysis assessed the existence of 
homeolog expression bias between the homeologous gene pairs using Fisher’s exact test. We 
found that under LL conditions 82.3 % (1,390+1,474/3,480 pairs) of the homeologous gene pairs 
exhibited bias in the expression of the homeologs, with 1,390 and 1,474 homeologous gene pairs 
binned into A-bias and D-bias categories, respectively. We also found 616 homeologous genes 
showing No bias in the expression of their homeologs, while 11 homeologous gene pairs were 
binned as Undefined bias (Table 3.5).  Under EL conditions, 82.65 % (1,352+1,521/3,476 pairs) 
of the homeologous gene pairs exhibited bias in the expression of homeologs, with 1,352 and 
1,521 homeologous gene pairs binned into A-bias and D-bias categories, respectively. The 
remaining 603 and 15 homeologous gene pairs were binned under No bias and Undefined bias 
categories respectively (Table 3.5). 
Evaluation on the distribution of genes categorized as A-bias, D-bias, and No bias under 
LL conditions showed that there is a significant difference in the distribution of genes across the 
three bias categories (Chi-Square test p-value = 1.7481e-84; Table 3.6), with significant 
differences observed between homeologous gene pairs exhibiting biased expression of either At 
or Dt homeologs (A-bias and D-bias categories) against the genes under the No bias category 
(Chi-Square test p-value = 3.25379e-85; Table 3.6). We observed a similar distribution pattern 
for genes that fall within the three bias categories under EL conditions (Chi-Square test p-value= 
3.34554e-90; Table 3.7) with those of LL conditions. Similar results were found when we look at 
the difference between the number of genes that fall within the two genome bias categories and 
the number of genes under the No bias categories under EL (Chi-Square test p-value = 6.32082e-
89; Table 3.7). We observed differences in the distribution of homeologous gene pairs under A-
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bias or D-bias between LL and EL conditions in which the number of genes within the D-bias 
categories were significantly higher compared to the number of genes in A-bias categories under 
EL conditions (Chi-Square test p-value= 0.00161622; Table 3.7), whereas no significant 
difference was observed between the number of genes between the two genome bias categories 
under LL conditions (Chi-Square test p-value = 0.116505; Table 3.6). Comparing the distribution 
of genes in the three bias categories between LL and EL, we found that there is no significant 
difference in the number of homeologous gene pairs in each of the three bias categories between 
LL and EL (Chi-Square test p-value = 0.496455; Table 3.8).  
We further examined the pattern of homeologous expression bias in response to the 
change from LL to EL conditions. We focused our analysis only on genes that displayed A-bias, 
D-bias, or No bias and were shared between LL and EL, limiting the analysis to a total of 3,465 
genes that fulfill these criteria. We observed that for homeologous gene pairs that exhibited No 
bias in the expression of their homeologs under LL conditions, an equal number of genes, 221 
(36.11 %), 201 (32.84 %), and 190 (31.05 %) genes, were found under Pair I, Pair II, and Pair III 
categories under EL conditions respectively (Chi-Square test p-value = 0.277; Table 3.9). In 
contrast, for genes displaying A-bias and D-bias categories under LL, a majority of the genes 
that displayed A-bias or D-bias in the expression of their homeologs under LL conditions 
retained their bias categories under EL. For genes that fall into A-bias categories under LL, we 
found that 70.9 % (981) of the genes were grouped as Pair V, retaining their A-bias status under 
EL, while 14.1% (195) and 14.9 % (206) of the genes were classified as Pair IV and Pair VI, 
respectively. In the case of genes that displayed D-bias in the expression of their homeologs 
under LL, we observed that 76.1 % (1,120) of them could be grouped as Pair IX, i.e. retaining 
their original expression bias under EL, while 12.5 % (183) and 11.4 % (168) of the genes were 
classified as Pair VII and Pair VIII, respectively (Table 3.9). 
We decided to further investigate the changing trends in biased expression of homeologs 
in each of the nine possible pairing of bias categories between LL to EL by examining the 
direction and magnitude of the log2 fold change of At (AtEL/LL) and Dt (DtEL/LL) homeologs after 
exposure to EL (Figure 3.4). For all nine possible pairing of bias categories (Pair I to IX) under 
both light conditions we observed a suggestive linear relationship between the fold change of the 
At homeolog and Dt homeolog, as indicated by the positive Pearson’s correlation values that 
varies from moderate positive correlation (ρ = 0.47) for genes in Pair IV group (Figure 3.4 d), to 
 61 
a strong positive correlation (ρ = 0.75) for genes in Pair VI (Figure 3.4 f). A majority of the 
genes in the nine possible pairing of bias categories displayed changes in the expression of At or 
Dt homeologs that were less than two-fold in either directions for either At or Dt homeologs 
between LL and EL (Figure 3.4). Despite the Pearson’s correlation values that indicate moderate 
to strong correlation, the distribution of the data does not suggest a strong linear relationship in 
most of the pairs of bias categories. We only observed two pairs of bias categories that indicate a 
strong linear relationship as shown by Pearson’s correlation value and the distribution of the log2 
fold change that supported a linear relationship between the fold change in At and Dt homeologs 
for genes in Pair VI (Figure 3.4 f) and Pair VIII (Figure 3.4 h), respectively. 
Linear regression analysis of the expression level of At and Dt homeologs for genes in 
Pair VI and Pair VIII groups support the results from Pearson’s correlation analysis. For genes in 
Pair VI, the relationship between the fold change of AtEL/LL and DtEL/LL after exposure to EL 
conditions can be modeled with the following equation: Y = 0.1929693 + 0.4835191 X, with X 
as the fold change of the Dt homeolog expression level under EL over LL, and Y as the fold 
change of the At homeolog expression level under EL over LL (Figure 3.5). The linear 
regression model for genes in Pair VI reported an adjusted R2 of 0.7841447. The relationship of 
AtEL/LL and DtEL/LL fold changes for genes in Pair VIII can be modeled using the following 
equation: Y = 0.3778526 + 1.2544516 X, although with a much lower adjusted R2 value of 
0.5054616 (Figure 3.5). 
Given the possibility of a linear relationship between the fold change in At and Dt 
homeologs under EL compared to LL, we further investigated evidence for any relationship 
between the two sets of genes. We first employed GO term analysis on the soybean orthologs of 
the genes in Pair VI and Pair VIII to find any significant enrichment in the GO term annotation 
for both sets of genes using agriGO. GO term analysis using agriGO reported no significant 
enrichment of GO term for both sets of genes in Pair VI and Pair VIII. We then performed 
analysis on the 2 kb upstream region of Pair VI and Pair VIII genes’ soybean orthologs to find 
possible cis-regulatory motif enrichment in the promoters of genes in Pair VI and Pair VIII 
relative to the promoters of all annotated soybean genes. Our analysis of enrichment of novel 
putative cis-regulatory motif using Sift (Hudson et al., 2003, http://stan.cropsci.uiuc.edu/cgi-
bin/sift/soysift_array.cgi) reported several four to seven bp motifs that were enriched in the 
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promoters of Pair VI and Pair VIII genes’ soybean orthologs (Table 3.12), interestingly with no 
overlap between the motifs enriched in Pair VI and Pair VIII.  
We also looked for enrichment of previously characterized plant cis-regulatory motifs in 
the 2 kb upstream region of Pair VI and Pair VIII genes soybean orthologs using the tool 
Elefinder (Matthew E. Hudson, unpublished. http://stan.cropsci.uiuc.edu/cgi-
bin/elefinder/elefinder_all.cgi). We found several regulatory motifs that were enriched in the 2 
kb upstream regions compared to the set of all soybean promoters. For genes in Pair VI we found 
one motif, DPBF1&2, that was shared across at least 48.5 % (100/206) of the genes in this group 
(Table 3.13 and Figure 3.6). The DPBF1&2 motifs were found in promoter regions of seed-
specific or ABA responsive genes (Kim and Thomas, 1998) and since the core motifs are a 
subset of a larger group of cis-elements known as G-box (CACGTG) it has been proposed that 
the DPBF1&2 might share the same regulatory network with other Absicic acid-responsive 
elements (ABRE) (Belmonte et al., 2013; Choi et al., 2000).  We also found several enriched 
motifs with medium abundance in this group such as EveningElement (15.5 %), LTRE (9.2 %), 
and Z-box (5.8 %) with the remaining motifs reported in only a handful of genes (Table 3.13). 
The Evening Element cis-regulatory motif has been reported to be enriched in the promoter 
region of genes that are transcribed in a circadian cycling pattern in Arabidopsis (Harmer et al., 
2000). The LTRE motif was originally reported in the promoter region of genes induced by low 
temperature in Arabidopsis (Nordin et al., 1993) and shares the same core motif with the 
Dehydration-Responsive Element (DRE) which has been implicated in the regulatory network of 
genes in response to drought, low temperature and salt stress in Arabidopsis (Yamaguchi-
Shinozaki and Shinozaki, 1994). The Z-box motifs have been reported to mediate the regulation 
of genes related to photosynthesis (Ha and An, 1988) and has been recently shown to be 
implicated in crosstalk between regulatory networks of gene expression under low temperature 
and photomorphogenesis mediated by the HY5 transcription factor (Catalá et al., 2011) 
In the promoters of Pair VIII genes, we found three cis-regulatory motifs to be enriched 
and shared across a wide number of genes in this group. Out of the total 168 genes in Pair VIII, 
the Box II motif was found to be shared across 101 genes (60.1%) in this group, while the 
SORLIP2 and ARF1 motifs were found in 70 (41.6%) and 79 (47%) genes, respectively (Table  
3.13 and Figure 3.6). Both the SORLIP2 and Box II cis-regulatory motifs have been reported to 
be enriched in the promoter of genes that are responsive to far-red light and regulated by the 
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phytochromeA (phyA) regulatory network in Arabidopsis (Hudson and Quail, 2003) while the 
ARF1 motif has been reported to have an important role in the Auxin Response Elements 
(AuxRE) regulatory network (Guilfoyle and Hagen, 2007). We observed difference in the 
distribution of regulatory motifs that are enriched in the promoter of Pair VII and Pair VIII genes 
and that the distribution of regulatory motifs of both gene sets were different from the gene sets 
that did not displayed change of bias between LL and EL (Pair I, V, and IX genes) (Figure 3.6). 
 
The relationship between expression of homeologs with genes exhibiting expression level 
dominance under low and high light conditions 
We explored the relationship between the expression of At and Dt homeologs for all the 
genes exhibiting UEX under LL and EL, especially for genes that exhibited expression level 
dominance (A-expression level dominance: Type IV and IX; D-expression level dominance: 
Type II and XI). Since there is only a small number of genes that overlap between the groups of 
genes exhibiting UEX under LL and EL (Table 3.4), we separated the analysis into two parts, 
each for genes exhibiting UEX under either LL or EL conditions. 
We first looked at the group of genes that exhibited UEX under LL. Under LL 
conditions, out of the 123 genes that fall into this group, 37 genes were classified into the A-bias 
category and 40 genes were placed in the D-bias category (Table 3.10). The same sets of genes 
had 32 genes showing A-bias and 38 genes showing D-bias under EL conditions. We observed 
no difference in the number of genes exhibiting A-bias or D-bias in each of the 12 expression 
patterns between the two light conditions (Fisher’s exact test p-value = 0.868), despite that in our 
observations a majority of the genes in this group exhibited EEX under EL. Focusing only on the 
genes displaying expression level dominance (A-expression level dominance: Type IV & IX, D-
expression level dominance: Type II & XI), we observed that the proportion of genes displaying 
D-bias was higher under both LL (Fisher’s exact test p-value = 0.003) and EL (Fisher’s exact 
test p-value = 0.0004) (Table 3.10). Interestingly, we observed no significant difference in the 
number of genes in each bias category for genes exhibiting A or D expression level dominance. 
The second group of genes exhibited UEX under EL, while under LL conditions the 
majority of the genes in this group exhibited EEX. Out of the 34 genes in this group, 12 of them 
were classified in each of the A-bias or D-bias categories under LL, while under EL 14 genes 
displayed A-bias and 9 genes displayed D-bias (Table 3.11). Similar to our previous observations 
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for genes exhibiting UEX under LL, we found no significant difference in the number of genes 
exhibiting A-bias or D-bias in each of the 12 expression patterns between the two light 
conditions for genes exhibiting UEX under EL (Fisher’s exact test p-value = 0.561). As for the 
genes displaying expression level dominance, we observed that there are more genes displaying 
A-bias compared to D-bias under both light conditions. 
We also looked at the expression of homeologs in the seven genes shared between the 
two groups of genes above. We only found two genes, Glyma08g01835 (encodes for a Protein 
TRM32/Phosphatidylinositol N-Acetylglucosaminyl Transferase subunit P) and Glyma19g22720 
(encodes for a Serine/Threonine Protein Phosphatase 2A Regulatory Subunit B), with reported 
changes in the expression of homeologs (Table 3.4). In Glyma08g01835 we observed a change 
in the expression pattern of this genes from Type I under LL to Type II under EL. This change 
was accompanied with a change in the expression bias of its homeologs from D-bias status under 
LL to No bias status under EL. In the case of Glyma19g22720, we found that this gene exhibited 
a change in bias category from No bias status under LL to A-bias status under EL, while 
consistently exhibiting a Type IV pattern of expression under both LL and EL.  
 
Discussion 
The study of expression of genes in polyploid species is a challenging issue due to the 
doubling of the gene space following the polyploidization events. Several approaches have been 
proposed to address this problem such as using microarrays with probes based on conserved 
regions of Expressed Sequence Tag (EST) from allopolyploid species along with the EST from 
the diploid species from which the allopolyploid species was derived (Rapp et al., 2009),  RNA-
Seq analysis against EST assemblies from diploid and allopolyploid species (Yoo et al., 2013) or 
strictly from allopolyploid species (Krasileva et al., 2013; Leach et al., 2014), and RNA-Seq 
analysis against a transcriptome reference modified through the addition of Single Nucleotide 
Polymorphisms (SNPs) that are unique in either the diploid or the allopolyploid species (Cox et 
al., 2014). In the case where resources are available, RNA-Seq analysis against the diploid 
progenitors genome is the preferred approach (Akama et al., 2014). 
In this study we apply an RNA-Seq analysis against a progenitor reference set, obtained 
by combining the expressed transcriptomes of the diploid progenitors of the polyploid species. 
 65 
This method is an extension of a similar approach applied by Bombarely et al. (2014) to separate 
reads from each homeolog in the wild allotetraploid Glycine species. We believe that this 
combined progenitor transcriptome can provide a more reliable model than other current 
methods of the expansion of the gene space following a polyploidization event. The combined 
transcriptome is referred to as Hybrid Pseudo Transcriptome (HPT) in this study. 
We selected three different accessions, G1232, G1820, and G1156 as the archetype of the 
A, D and E diploid genomes respectively. The three accessions were selected because they have 
been previously shown to group with each of the two sub genomes of the wild allotetraploid 
Glycine (G. dolichocarpa, G. tomentella T5, and G. tomentella T1) predicted to be derived from 
A, D, or E genomes (Bombarely et al., 2014; Doyle et al., 2004). The expressed transcriptomes 
of the selected diploid accessions were de novo assembled separately for each accession using 
the Trinity assembler. Despite the large number of assembled contigs in each accession’s 
assemblies, the majority of the contigs were of short length as shown by the mean and N50 
values of the assemblies (Table 3.2). The abundance of short contigs in our assembly is one of 
the drawbacks of the de Bruijn-based assembly applied in Trinity assembler (Grabherr et al., 
2011; O’Neil and Emrich, 2013), with most of them being either partially assembled transcripts 
or chimeric transcripts (Vijay et al., 2013; Yang and Smith, 2013).  
Leaf tissues used in this study as the source of RNA limits the scope of our transcriptome 
assembly to only genes being expressed in central leaflets of trifoliate leaves under the two light 
conditions used. Although it is not possible to fully capture the gene space given our source of 
RNA, we emphasized obtaining the full length contig of every gene’s transcripts for the genes 
expressed under our studied conditions. The performance of Trinity in recovering mRNA 
transcripts that are full or partial length have been reported before for zebra finch (Taeniopygia 
guttata) (Vijay et al., 2013) and castor bean (Ricinus communis) (Yang and Smith, 2013). Both 
studies reported that de novo assembly using Trinity assembler could recover the majority of the 
expressed transcripts where a large fraction of them are of partial length, and a small fraction of 
the contigs were full-length transcripts and chimeric transcripts. 
We define orthologous genes as genes that arose through the process of speciation and 
are maintained throughout all extant species that share the same speciation events (Kristensen et 
al., 2011). Orthologous genes themselves have been extensively used to study evolutionary 
processes that act on certain lineages and / or species that share the orthologous genes (Ashfield 
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et al., 2012; Egan and Doyle, 2010; Woodward et al., 2011). Several methods have been 
proposed to identify orthologous genes across different species that make use of phylogenetic, 
heuristic best-match, or synteny approaches. We employed Reciprocal Best BLAST hit (RBH) 
using blastn to identify orthologous genes shared between soybean and the three diploid wild 
Glycine accessions, since its offers a balance between speed, scalability and consistency in the 
output due to the incorporation of statistical methods (Kristensen et al., 2011). Using the RBH 
approach we were able to identify a total of 9,320 orthologous genes shared between soybean 
and the three accessions selected as the archetype of the A, D, and E genomes.  
The genomes of polyploids comprise two or more separate genomes depending on their 
polyploidy status. The way in which this increase in genome complexity is achieved can be 
varies. In taxonomic definitions, polyploid species formed from within a single species are 
classified as autopolyploids, while polyploid species form by hybridization between two or more 
species is classified as allopolyploids (Doyle and Egan, 2010). Since the polyploid accessions 
used in this study have been shown to be allopolyploid, derived from merger of two diploid wild 
Glycine species producing a tetraploid progeny (Bombarely et al., 2014), we will limit our 
discussion only to allopolyploid species from here onward.  
It has been shown previously that the genomes of the genus Glycine display signs of 
being paleopolyploid genomes that originated from an allopolyploidy event circa 13 MYa, and 
has subsequently undergone a diploidization process within a time span of 5 to 10 MYa (Doyle 
and Egan, 2010; Gill et al., 2009). This event was then followed by speciation process that lead 
to the generation of the currently known 26 diploid and 4 tetraploid Glycine species across the 
two subgenera Glycine and Soja (Doyle et al., 2003; Sherman-Broyles et al., 2014a). Given the 
history of the species in the genus Glycine, high similarity exists between the genomes of several 
of the species in this genus, which allowed further grouping of the 26 diploid Glycine species 
into nine genome groups based on cytogenetics and molecular studies (Doyle et al., 2003). 
During the formation of allopolyploid species, following the hybridization events the two 
genomes from the diploid progenitor form two separate subgenomes that comprise sets of 
homeologous chromosomes. Genes that were previously recognized as orthologs in the diploid 
progenitors will, by extension, be considered as homeologous genes (also known as ohnologs or 
syntelogs in other fields) sharing the same homeologous loci / homeoloci (Doyle and Egan, 
2010). We have to accommodate this fact when we want to study the expression of genes in 
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allopolyploids, especially the expression of the homeologous genes from each sub genome 
derived from its diploid progenitors. 
RNA-Seq studies of the expression of sub genomes in allopolyploid species require the 
availability of a reference, genome or transcriptome, which can effectively differentiate 
homeologous genes from each sub genome. The doubling of the genome size in polyploids 
complicates the effort to obtain a reference sequence through de novo assembly of either the 
genome or transcriptome of the polyploid species. The main challenge in de novo assembly of 
either genome or transcriptome of an allo- or paleopolyploid species is discerning the 
homeologous chromosomes and genes from the two different subgenomes. A well known 
example of this problem is the case of the hexaploid common wheat/bread wheat (T. aestivum) 
genome assembly (IWGSC, 2014) and a related transcriptome assembly problem of tetraploid 
durum wheat (T. turgidum) (Krasileva et al., 2013; Ranwez et al., 2013).  
In this study we avoid conducting a de novo transcriptome assembly of allotetraploid 
wild Glycine accessions. Instead, we conduct a de novo transcriptome assembly on diploid wild 
Glycine accessions (themselves paleopolyploid with a similar genome size to cultivated soybean) 
and use them as the reference to study the expression of homeologous genes in allotetraploid 
wild Glycine accessions. Studies that take advantage of the availability of diploid progenitors to 
study the expression of sub-genomes have been reported in allotetraploid cotton (G. hirsutum) 
(Rapp et al., 2009; Udall et al., 2006; Yoo et al., 2013) and the allopolyploid fungus 
Neotyphodium lolii x Epichloë typhina (NxE) Lp1 (Cox et al., 2014). RNA-Seq studies on 
allotetraploid wild Glycine species using the soybean genome as a reference with successful 
results have been reported before by Ilut et al. (2012) and Coate et al. (2013). In the case of using 
a transcriptome reference from a closely related species for RNA-Seq studies, Vijay et al. (2013) 
have shown that using a reference transcriptome with up to 5% sequence divergence can give 
results that are comparable to de novo assembled transcriptomes from the species being studied. 
To avoid bias in the measurement of gene expression due to the use of references with 
different length we limit the reference used to measure the expression of homologous genes in 
allotetraploid wild Glycine species to the conserved CCS region (see Methods) shared between 
soybean and the three accessions used as references. The HPT reference transcriptome was 
created through the combination of the CCS regions of 5,060 orthologous genes from the A and 
D genomes. Due to the low number of replicates for allotetraploid G. tomentella T5 AAEE and 
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G. tomentella T1 DDEE and consequent lack of information on the E genome, we focused our 
study on the expression of homeologous genes in G. dolichocarpa AADD (heretofore referred to 
as allotetraploid Glycine) and the expression of orthologous genes in A and D genomes (Table 
3.1). Therefore in this study, the HPT was generated by merging the CCS of 5,060 orthologous 
genes from the expressed transcriptomes of the A and D genome archetype species. 
Polyploidization has been shown to cause profound and immediate changes at both the 
genetic and epigenetic levels based on studies of synthetic and natural polyploid species (Akama 
et al., 2014; Rapp et al., 2009; Yoo et al., 2013). One profound example of these dramatic 
changes is that in the case of allopolyploidy, the total expression of homeologous gene pairs 
deviates heavily from the predicted additive expression level (Doyle et al., 2008). Rapp et al. 
(2009) observed the phenomenon of unequal gene expression between the two diploid 
progenitors and allopolyploid in cotton, and describe the 12 possible combinations of gene 
expression level between them (see Figure 3.1). This phenomenon has been shown to be shared 
across a diverse range of allopolyploid species such as cotton (Flagel and Wendel, 2010; Rapp et 
al., 2009; Yoo et al., 2013), coffee (Coffea sp.) (Bardil et al., 2011; Combes et al., 2012) and NxE 
Lp1 fungus (Cox et al., 2014), where a majority of the genes in allopolyploid species displayed 
unequal expression levels (UEX) compared to their diploid progenitors. Out of the 12 possible 
expression patterns, four patterns (Type II, IV, IX, and XI, Figure 3.1) described the 
phenomenon known as expression level dominance, where the total expression of homeologous 
gene pairs for a given gene in allopolyploid is statistically equivalent to the expression level of 
that gene in one of the parents, irrespective of the difference of expression between the 
homeologous gene pairs (Grover et al., 2012). Expression level dominance was formerly known 
as genome dominance.  
In this study we find that only a small percentage of genes displayed UEX in tetraploid 
wild Glycine compared to results reported before for cotton, coffee, and NxE Lp1 fungus. Our 
Welch’s one-way ANOVA test reported that only small fraction of genes (123 genes, 0.024%) 
out of the 5,060 genes displayed UEX under LL, and the percentage of genes goes down (34 
genes, 0.0067%) when we look at gene displaying UEX under EL. Between the two gene sets 
showing UEX for LL and EL, we found that only 7 genes were shared between them (Table 3.4). 
The rest of the genes in each gene set, 116 genes for LL and 27 genes for EL, were reported as 
having equal expression level (EEX) under EL and LL conditions, respectively. The results were 
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consistent across the two light conditions used in this study, with the number of genes displaying 
UEX under EL lower than the ones under LL. The findings in this study were different from the 
result reported in tetraploid cotton (Yoo et al., 2013), tetraploid coffee (Bardil et al., 2011), and 
NxE Lp1 fungus (Cox et al., 2014) where on average 53.75%, 45.78 – 78.27%, and 74.6% of the 
genes were reported to exhibit UEX in tetraploid cotton, coffee, and NxE Lp1 fungus, 
respectively. Recently, a study comparing the expression of genes in G. dolichocarpa and its 
diploid progenitors G. syndetika and G. tomentella D3 revealed that at least 31% of the genes 
observed exhibited expression level that are significantly different from at least one of its diploid 
progenitors (Ilut et al., 2012). G. syndetika and G. tomentella D3 is the donor of the A and D 
genome in G. dolichocarpa (Bombarely et al., 2014; Doyle et al., 2004), which make comparison 
between our study and that of Ilut et al. (2012) regarding gene expression between the diploid 
progenitors and allotetraploid Glycine more compelling. Although in all the species above we 
observed a degree of variability in the percentage of the genes exhibiting UEX, the discrepancies 
with the findings in this study, especially with that reported by Ilut et al. (2012) on G. 
dolichocarpa, are striking. 
We therefore consider several factors that could contribute to the large discrepancies that 
we observed. It has been shown previously that the UEX phenomenon displayed spatial, 
temporal, and conditional aspects which highly impacted the percentage of the genes exhibiting 
UEX (Bardil et al., 2011; Combes et al., 2012; Yoo et al., 2013). We would like to point out that 
other than NxE Lp1 fungus, the tissue source used for the experiments in cotton, coffee, G. 
dolichocarpa and in this study are all from leaves, which provide ground for comparison of our 
findings with that of other studies. Unfortunately, with the exception Ilut et al. (2012) which used 
experimental conditions similar to that of LL, the expression data used in this study was 
generated under experimental conditions that are different from the ones used in both Yoo et al. 
(2013) and Bardil et al. (2011). The effect of experimental conditions on UEX was reported by 
Yoo et al. (2013) in tetraploid cotton, where they observed differences in the proportion of genes 
exhibiting expression level dominance when comparing the result of their study with the result 
reported by Rapp et al. (2009), in which they attributed the observed difference due to different 
environmental condition between the two studies. 
The effect of environmental conditions on UEX was also reported for coffee. Bardil et al. 
(2011) reported that in coffee a significant difference in the distribution of genes in each of the 
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12 expression pattern was observed under two different day-night temperature regime of 26°C-
22°C and 30°C-26°C. They also reported that a large proportion of the genes with UEX under 
the 26°C-22°C temperature regime change into EEX condition under the 30°C-26°C (Figure 
3.1). Although we did not observed a significant difference in the proportion of genes in each of 
the 12 expression pattern between the two gene sets exhibiting UEX in either LL or EL, we did 
observed a similar pattern where a majority of the genes displaying UEX under LL shift into 
EEX condition under EL condition. A similar pattern of change was also observed for genes 
exhibiting UEX under EL but in a different direction.  
Another factor that needs to be considered as a contributor to the large discrepancies 
between this study and other studies done in different species is the decision to treat different 
accessions and species from the A genome group as replicates for A genomes in our statistical 
analysis. Ilut et al. (2012) used similar experimental conditions with that of LL, but comparison 
of expression level was performed using single accession, each representing G. dolichocarpa, G. 
syndetika, and G. tomentella D3. In our study, we performed comparions of expression level on 
four accessions of G. dolichocarpa, six accessions representing three diploid species from A 
genome, and three accessions representing G. tomentella D3 from D genome for LL conditions 
(Table 3.1). As we have mentioned above, the comparison between our study and that of Ilut et 
al. (2012) is compelling due to the use of similar species of diploid and allotetraploid Glycine, 
with the only difference is due to the use of different species to represent A genome in this study. 
For EL conditions, we compared the expression level of five accessions of G. dolichocarpa, six 
accessions representing three diploid species from A genome, and four accessions representing 
G. tomentella D3 (Table 3.1). The use of different accessions and species as replicates might 
have inadvertently reduced the statistical power of our one-way ANOVA since different 
accessions and species might have greater variability in the observed gene expression level in 
either the diploid progenitors or allotetraploid Glycine. The greater variability in the observed 
expression level could lead to the increase probability of accepting the null hypothesis under a 
true effect (Type II Error/False Negative), thereby reducing the statistical power of the test.  
The reduction in the statistical power of the test could lead to a reduction in the number of genes 
reported as exhibiting UEX in both light conditions in this study. Only genes where the 
variability between replicates was low or a stronger difference in the expression between the 
diploid progenitors and allotetraploid Glycine existed will be reported as exhibiting UEX in our 
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test. The reduction in statistical power of the test was also suggested when we look at the mean 
expression level of diploid progenitors and allotetraploid Glycine genes exhibiting UEX in either 
LL or EL in Figure 3.2 and Figure 3.3, where majority of the genes shared similar pattern of 
expression in both LL and EL. For example, for genes displaying UEX under LL (Figure 3.2), 
we observed that the same gene in both LL and EL shared a somewhat similar expression pattern 
even though the statistical test reported that the same genes exhibited EEX under EL.  
Therefore, the use of different species in our statistical test can contribute to the 
discrepancy in the extent of genes showing UEX between allotetraploid Glycine and its diploid 
progenitors compared to previous results reported in cotton, coffee, and especially in G. 
dolichocarpa by Ilut et al. (2012). Despite the possibility that the use of different accessions and 
species as replicate might hindered the ability of our statistical test in detecting genes with UEX, 
the small number of genes reported in this study have a high degree of confidence of exhibiting 
UEX across the two diploid progenitors and allotetraploid Glycine in either LL or EL. 
Following polyploidization events, the size of the genic space increases due to the 
addition of duplicated genes. Depending on the number of diploid progenitors, each 
homeologous gene pair (homeoloci) will comprise two or more homeologs. The neutral 
assumption is that each of the homeologs in the same homeologous gene pair would contribute to 
the total expression of the genes in an equal manner. However, observations in several 
allopolyploid species have shown the opposite, where the expression of one of the homeologs of 
a gene in the same homeologous gene pair can either dominate the expression or be completely 
undetected. Leach et al (2014) reported that in common wheat, 45% of the genes were expressed 
from all three homeoloci (homeologous gene pairs with homeologs from the three subgenomes) 
with strong indications of homeolog expression bias to one of the homeologs. They also reported 
that the remaining 55% of the genes were only expressed from either one or two out of the three 
homeoloci in shoot or root tissues, possibly due to extensive transcriptional silencing or loss of a 
homeolocus.  
The differential expression of one homeolog relative to the other homeolog in the same 
homeologous gene pair referred to as homeolog expression bias (Grover et al., 2012) and 
multiple ways have been proposed to assess homeolog expression bias. One approach involves 
comparing the expression of homeologs in a homeologous gene pair against a hypothesized 1:1 
parental expression ratio (Schnable et al., 2011), while another approach involves the use of a 
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calculated mid-parent expression value (Rapp et al., 2009). In this study we assess homeolog 
expression bias of genes in allotetraploid Glycine accessions against a null hypothesis of 1:1 
parental expression of each homeolog as previously applied by Schnable et al. (2011). 
Since the expression of homeologs is at the core of the overall expression of any 
homeologous gene pair, we examined the contribution of homeolog expression bias to the 
observed changes in the expression of genes exhibiting UEX in either LL or EL. For genes 
exhibiting UEX under LL, we found that the number of genes displaying D-bias is consistently 
higher than the number of genes displaying A-bias in either LL or EL. A similar pattern was 
observed when we looked at the expression of homeologs for genes exhibiting expression level 
dominance for this gene set in both light conditions (Table 3.10). This is despite the fact that 
majority of the genes in this set displayed UEX only under LL but not under EL.  
We also examined the contribution of homeolog expression bias to the observed changes 
for genes displaying UEX under EL (Table 3.11). For this set of genes, we observed that an 
equal number of genes displayed either A-bias or D-bias under LL, while under EL, we found 
more genes displaying A-bias compared to D-bias. When we look at genes exhibiting expression 
level dominance under both LL and EL we found more genes displaying A-bias compared to D-
bias in the expression of their homeologs. 
Between our two gene sets exhibiting UEX in either LL or EL, we found only seven 
genes shared between the two gene sets. Several of those genes displayed a change in their 
expression pattern, but these changes were not accompanied with any observable changes in the 
expression bias of their homeologs (Table 3.4). We only observed one gene, Glyma08g01835, 
where observable changes in the expression pattern of the gene were accompanied with a 
differential pattern of expression of its homeologs. 
Overall, in our observations of the phenomenon of UEX, we found only a small 
proportion of genes exhibited UEX between the diploid progenitors and allotetraploid Glycine 
under LL and EL. We did not observe any correlation between the type of UEX pattern exhibited 
by a gene and the biased expression of its homeologs. Genes that were categorized as displaying 
a certain type of expression pattern might have different type of homeolog expression bias. This 
would suggest that the changes in the overall expression of genes exhibiting expression level 
dominance in allotetraploid Glycine were not correlated with the biased expression of 
homeologs. Given the small number of genes we observed to change, more studies will be 
 73 
needed investigate the extent of UEX in allotetraploid Glycine and to achieve a more robust 
conclusion regarding the role of homeolog expression bias to UEX in allotetraploid Glycine. 
We then extend our analysis of homeolog expression bias to all the genes regardless of 
whether they exhibited UEX or not. We found that under LL a significant proportion of the 
genes display D-bias in the expression of their homeologs compared to the genes displaying A-
bias or No bias types of homeolog expression bias. A different pattern was observed under EL 
where the number of genes displaying A-bias and D-bias were not significantly different. When 
comparing the proportion of genes displaying A-bias, D-bias, and No bias, we found no 
significant difference in the proportion of genes in each category between the two light 
conditions.  
Homeolog expression bias, much like UEX and expression level dominance, also 
displayed a degree of plasticity in response to a multitude of environmental conditions. For 
example in allotetraploid cotton it has been reported that the expression of homeologs of the 
alcohol dehydrogenase AdhA gene showed significant divergence under multiple stress 
conditions, with expression of the A-genome derived and D-genome derived homeologs 
dominating under water submersion and cold stress, respectively (Liu and Adams, 2007). Similar 
observations have been reported in allotetraploid coffee, where the homeolog of genes in the 
mannitol biosynthesis pathway also displayed unequal contributions of the homeologs in 
response to drought, salt, and heat stresses (de Carvalho et al., 2014). Another study in 
allotetraploid cotton by Dong and Adams (2011) have shown that in response to multiple abiotic 
stresses such as heat, cold, drought, high salt, and water submersion, 23 out of the 30 
homeologous  gene pairs examined (77%) exhibited variation in the biased expression of their 
homeologs. 
Our study regarding the plasticity of homeolog expression bias in allotetraploid Glycine 
under EL reveals that approximately 32.9% of homeologous gene pairs exhibited differential 
expression patterns in the expression of their homeologs under EL. Most of these homeologous 
gene pairs can be found under Pair II, III, IV, VI, VII, and Pair VIII classifications (Figure 3.4).  
The extent of homeologous gene pairs exhibiting differential patterns of homeolog expression 
bias under abiotic stress was different to that recently found in a similar study on common wheat 
where it was reported that out of the 4,565 homeoloci studied, on average 68.4 % of them 
exhibited differential patterns of homeolog expression bias after drought, heat, and a 
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combination of drought and heat stresses (Liu et al., 2015b). Comparison between allotetraploid 
Glycine and common wheat itself could be questioned due to the different level of polyploidy 
between the two of them and the difference in the abiotic stresses used between this study and 
that of Liu et al. (2015b), since homeolog expression bias has been shown to display a degree of 
plasticity in response to environmental conditions (Dong and Adams, 2011). 
Two gene groups, Pair VI and Pair VIII, exhibited differential patterns of homeolog 
expression bias under EL. Homeologous gene pairs in Pair VI exhibited A-bias under LL but D-
bias under EL, while Pair VIII exhibited D-bias under LL but A-bias under EL. We observed 
that based on the linear regression model, the fold change of Dt homeologs (DtEL/LL) in Pair VI 
genes were consistently higher than that of At homeologs (AtEL/LL) (Figure 3.5). A similar 
observation, but in a different direction, was observed for Pair VIII genes, where the fold change 
of Dt homeologs (DtEL/LL) were consistently lower than that of At homeologs (AtEL/LL) (Figure 
3.5). In both Pair VI and Pair VIII, we observed that one homeologs displayed a greater response 
in the form of larger fold change compared to the other homeolog after exposure to EL.  
We believed that the difference in fold change between the two homeologs is due to the 
lower level of expression under LL for the homeolog with the largest fold change under EL, as 
suggested by the switch of bias between LL and EL. In the case of Pair VI, where the Dt 
homeologs displayed a larger fold change compared to that of the At homeologs, the Dt 
homeologs (recessive homeolog) is expressed at a lower level of expression compared to that of 
the At homeologs (dominant homeolog) under LL. A similar trend also exists for Pair VIII but in 
a different direction. The use of At and Dt homeologs fold changes in our linear regression 
analysis, as the dependent and independent variable, respectively, provide a compelling support 
for the existence of a partial suppression in the expression of the recessive homeolog under LL 
that was then removed after exposure to EL as suggested by the larger fold change observed in 
the recessive homeolog compared to the dominant homeolog. The increase in the expression of 
the recessive homeolog under EL will eventually lead to the differential pattern of homeolog 
expression bias observed in this study. 
The dramatic shift in the expression of homeologs following polyploidization events can 
be attributed to several factors that are either genetic or epigenetic in origin. Several examples of 
those genetic factors are epistasis, gene conversion, and deletion of a gene or part of a 
chromosome, while epigenetic factors might involve DNA methylation, histone modification, 
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transposon activation/suppression, and novel small RNA targets (Doyle et al., 2008). An 
example of a mechanism in which biased expression of homeologs can be achieved has been 
reported for common wheat LEAFY HULL STERILE1 (WLHS1) gene. Out of the three 
homeologs of this gene in common wheat, only WLHS1-D, derived from the D-genome, was 
functional, while the homeolog WLHS1-A was expressed but its function was disrupted due to a 
large fragment insertion, and WLHS1-B was dominantly silenced due to methylation in the first 
exon of the gene (Shitsukawa et al., 2007).  
The role of epigenetic regulation in the reduction of the expression of homeologs was 
reported in common wheat TaEXPA1 by Hu et al. (2013) where TaEXPA1-B, homeolog derived 
from the diploid B genome, was expressed at a lower level compared to TaEXPA1-A and 
TaEXPA1-D across different tissues and development stages, with a complete silencing observed 
in leaves. The complete silencing of TaEXPA1-B in leaves was shown to correlate with high 
level of DNA methylation of its promoter region compared to other homeologs. Interestingly, 
comparison of the DNA methylation level of the TaEXPA1-B promoter between tetraploid 
Wheat T. turgidum AABB and a newly synthesized allohexaploid Wheat derived from T. 
turgidum AABB x Aegilops tauschii DD reveals that the DNA methylation of TaEXPA1-B 
promoter region in synthetic allohexaploid wheat was elevated compared to T. turgidum AABB. 
This suggests that the introduction of the D genome resulted in the increase of DNA methylation 
level of the TaEXPA1-B promoter observed in synthetic allohexaploid Wheat. 
DNA methylation in plant genomes is mediated by two possibly independent pathways: 
(1) the ‘RNA-directed DNA methylation’ (RdDM) pathway which involves 24-nt species of 
small RNA (sRNA) and (2) Histone modification status of DNA which leads to recruitment of 
plant-specific DNA methyltransferase CHROMOMETHYLASE 3 (CMT3) (Bond and 
Baulcombe, 2014; Saze et al., 2012). Activation of both DNA methylation pathways would lead 
to the methylation of Cytosine bases in CG, CHG, and CHH sites (where H can be A, C, or T 
bases) which eventually leads to the silencing of genes within or adjacent to the methylated 
region.  
We therefore hypothesized that a possible regulatory mechanism exists in allotetraploid 
Glycine that specifically targets the recessive homeologs in Pair VI and Pair VIII under LL. 
However, under EL, the regulation was removed, leading to the increase in the expression of the 
recessive homeologs and the observed large fold change of the recessive homeologs compared to 
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that of the dominant homeologs. We believe that the reduction in the expression of the recessive 
homeologs could be mediated through methylation of the promoter region of the recessive 
homeologs under LL, similar to what was observed in TaEXPA1-B (Hu et al., 2013). In general 
DNA methylation in promoter regions is usually negatively correlated with gene expression 
(Suzuki and Bird, 2008), while low or high levels of DNA methylation in the gene body tends to 
correlated with lower gene expression, and modest gene-body DNA methylation in is related to 
higher gene expression (Wang et al., 2014).  
Exposure to stress in the form of biotic or abiotic stress treatments are often associated 
with loss rather than gain of DNA methylation (Bond and Baulcombe, 2014; Peng and Zhang, 
2009), possibly achieved either passively due to the decrease in methyltransferase transcription 
or actively due to the activity of DEMETER (DME) cytosine demethylase (Ikeda, 2012). This 
fact could explain the apparent increase in the expression of the recessive homeologs in Pair VI 
and Pair VIII, whereby exposure to EL could reduce the methylation in the promoter region of 
the recessive homeologs, either actively or passively, restoring the expression of the recessive 
homeologs. If the differential pattern of homeolog expression bias observed in Pair VI and Pair 
VIII were indeed mediated by RdDM, then it would involve a sRNA that targets the promoter 
region of the recessive homeologs in Pair VI and Pair VIII. We proposed that the sRNA locus 
responsible for the RdDM of the recessive homeologs under LL in allotetraploid Glycine may 
have originated from the dominant homeolog genomes, which would be the A genome for genes 
in Pair VI and the D genome for genes in Pair VIII. Further study will be needed to confirm 
whether RdDM is indeed the underlying mechanism driving the observed differential pattern of 
homeolog expression bias in Pair VI and Pair VIII under EL. 
Cis-regulatory motifs in the promoters of genes are an integral part of the gene regulatory 
networks that mediate the binding of Transcription Factors (TFs), which lead to expression or 
repression of the genes adjacent to the binding sites. Although ideally a coexpression or ChIP 
analysis (Chen et al., 2014; Franco-Zorrilla et al., 2014; Zhao et al., 2014) is needed to 
investigate the regulation of expression of a gene of interest by a TF-mediated gene regulatory 
network, the strong connection between cis-regulatory motifs and TF-mediated gene regulatory 
networks allow us to infer a putative regulation of the gene of interest based on the existence of 
the cis-regulatory motif of the TF in the region upstream or downstream of the gene of interest, 
especially where the motifs can be determined to be significantly over-represented in a gene list 
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relative to the genome as a whole (Franco-Zorrilla et al., 2014). Since our GO term enrichment 
analysis for the genes in Pair VI and Pair VIII failed to reveal any significantly enriched GO 
terms, we decided to perform analysis on the promoter regions of soybean orthologs of the genes 
in Pair VII and Pair VIII for novel putative or known cis-regulatory motifs that might explain 
their differential regulation in response to light, using Sift and Elefinder, respectively. 
Analysis of the possible over representation of novel putative cis-regulatory motifs in the 
promoter region of soybean orthologs of the genes in Pair VII and Pair VIII reveals several novel 
putative four to seven-mer motifs in the promoter region of soybean orthologs of the genes in 
Pair VI and Pair VIII with low p-value as reported by Sift. However the high percentage of 
occurrences of those motifs in the overall soybean promoter set suggest that the motifs we found 
may not be specifically correlated with this response (Table 3.12).  
When we look for previously characterized cis-regulatory motifs enriched in the 
promoters of genes in Pair VIII we found two cis-regulatory motifs in genes in Pair VIII, 
SORLIP2 and Box II, which have been reported as part of the phytochrome A (phyA) gene 
regulatory network in Arabidopsis (Hudson and Quail, 2003). A third motif, ARF1 does not 
seem to be part of the same phyA gene regulatory network but is involved in auxin responses 
(Guilfoyle and Hagen, 2007; Ulmasov et al., 1999). Plants perceive changes in environmental 
light conditions through an array of sensory photoreceptor proteins. Five photosensory systems 
have been identified and studied in higher plants to date, which can be grouped based on the 
specific wavelength they perceived: UV-A/blue light (390-500 nm) perceived by cryptochromes, 
phototropins, and Zeitlupe family proteins (ztl, fkf1 and lkp2); UV-B (280–315 nm) perceived 
by UV Resistance locus 8 (UVR8) protein; and red (600–700 nm) and far-red (700–750 nm) 
light perceived by pyhtochromes (Christie et al., 2015; Müller-Xing et al., 2014). Interestingly, a 
recent study on the effect of red light on the biosynthesis and transport of auxin in Arabidopsis 
and tomato (Solanum lycopersicum) (Liu et al., 2011) points out a possible crosstalk between the 
phytochrome regulatory network and the auxin signaling pathway. The possible involvement of 
the three motifs in Pair VIII with the phytochrome regulatory network would suggest that the 
expression of the genes is regulated as part of the response to EL exposure. 
A different set of enriched cis-regulatory motifs exists for genes in Pair VI. Although 
both the Evening Element and Z-box motifs are part of a gene regulatory network responsive to 
light (Catalá et al., 2011; Harmer et al., 2000), the remaining two motifs, DPBF1&2 and LTRE, 
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were not part of known gene regulatory network that perceives and processes environmental 
light conditions. Both the DPBF1&2 and LTRE motifs have been suggested to be part of an 
abscisic acid (ABA)-dependent regulatory network (Belmonte et al., 2013; Choi et al., 2000; 
Yamaguchi-Shinozaki and Shinozaki, 1994). ABA is involved in the control of water relations 
and gas exchange in leaves via stomata, so the activation of the ABA pathway in response to 
bright sunlight makes biological sense. Recent studies have shown the possibility of crosstalk 
between pytochrome mediated regulatory pathways and ABA signaling pathways (Chen et al., 
2014) which would implied that the genes in Pair VI with both DPBF1&2 and LTRE could also 
be subject to regulation by the phytochrome regulatory network. 
In this study we found that the genes in Pair VI and Pair VIII that exhibited differential 
pattern of homeolog expression bias under EL were likely to be regulated by the phytochrome 
gene regulatory network that mediates the perception of light in plants, based on the enrichment 
of cis-regulatory motifs that were known to be part of the phytochrome gene regulatory network. 
Although we also found several cis-regulatory motifs that are related to auxin and ABA gene 
regulatory networks which do not seem to correlate to light perception in plants, we proposed 
that regulation could be achieved indirectly through possible crosstalk between the pythochrome 
gene regulatory network and both auxin and ABA regulatory networks. Phytochrome regulatory 
networks have been implicated in a diverse array of regulatory functions that include seed 
germination, plant morphogenesis, shade avoidance, circadian clock, flowering, and freezing 
tolerance (Franklin and Quail, 2010). Interestingly, phytochrome regulatory networks have also 
been suggested to have a broader roles in stress (Chen et al., 2014) and plant defense (Zhao et al., 
2014). It is therefore likely that the genes in Pair VI and Pair VIII were transcriptionally 
regulated in a homeolog-specific manner through phytochrome regulatory networks as a 
response of allotetraploid Glycine to cope with EL conditions. The differential responses of the 
two subgenomes may be a result of the different adaptation of the progenitor species to sun 
versus shade environments, or a result of the process of novel expression sub-functionalization. 
Differential expression of homeologs in polyploids can be seen as a form of expression 
sub-functionalization of gene expression, and has been reported in cotton AdhA gene in response 
to multiple abiotic stresses (Liu and Adams, 2007). It has been argued that the main driving 
factor of expression sub-functionalization in polyploids is likely epigenetics, since expression 
sub-functionalization of homeologs in polyploids by means of epigenetic modifications can be 
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achieved at a relatively rapid rate compared to the classical sub-functionalization by means of 
mutation accumulation (Doyle et al., 2008). Observations in the soybean genome have found that 
a majority of duplicated genes were retained and that they displayed tissue expression sub-
functionalization despite having undergone two rounds of polyploidization, which would suggest 
the importance of expression sub-functionalization as one the major evolutionary effects of 
polyploidization (Roulin et al., 2013). In this analysis we found that the homeologous gene pairs 
exhibiting differential patterns of homeolog expression bias under EL are part of a gene 
regulatory network that perceives light conditions via phytocromes. It is therefore possible that 
the regulation of gene expression mediated by gene regulatory networks, coupled with the ability 
to differentially regulate the expression of homeologs, could contribute to the higher adaptability 
of allotetraploid Glycine to a wide range of environmental conditions compared to its diploid 
progenitors.  
Our results revealed that allotetraploid Glycine exhibited the UEX phenomenon between 
the tetraploid and its diploid progenitors under LL and EL, albeit at a smaller scale compared to 
other observations in cotton and coffee, and that no correlation was found between the different 
UEX patterns and the differential expression of homeologs in a homeologous gene pairs. We 
also observed differential pattern of homeolog expression bias in homeologous gene pairs under 
EL and suggest a possible epigenetic model in which an RdDM might drive the observed the 
differential pattern of homeolog expression bias in response to light signaling pathways. The 
result of this study will hopefully contribute our understanding to the role of homeolog 
expression bias to the greater adaptability exhibited by allopolyploid species. 
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Figures and Tables 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.1 Twelve possible categories of gene expression between the two diploid parents (A and D) and 
tetraploids (T).  
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Figure 3.2 Heat map plot of 123 genes reported as having unequal expression levels between A and D 
diploid progenitors and tetraploids (T) under low light (LL) and its corresponding expression 
under high light (EL). Genes are grouped based on the 12 possible categories of gene 
expression. 
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Figure 3.3 Heat map plot of 34 genes reported as having unequal expression levels between A and D 
diploid progenitors and tetraploids (T) under high light (EL) and its corresponding expression 
under low light (LL). Genes are grouped based on the 12 possible categories of gene 
expression. 
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Figure 3.4  Distribution of At and Dt homeologs log2 ratio of expression level at high light (EL) over low 
light (LL)  grouped based on the nine possible pairings of homeolog expression bias under low 
light  and high light . Sub-figures (a) to (i) correspond to the group of genes in Pair I to Pair 
IX, respectively. Rho (𝜌) refers to Pearson’s correlation value. 
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Figure 3.5  Distribution of At and Dt homeologs ratio of expression level at high light (EL) over low light 
(LL) after exposure to high light in Pair VI (blue triangle) and Pair VIII (red circle). Dark 
blue and red lines represent the linear regression model of the data for Pair VI and Pair VIII, 
respectively. The dotted green line represents a scenario where the ratio of AtEL/LL is equal to 
DtEL/LL. Grey diamonds represent data points from Pair I-V, Pair VII, and Pair IX.  
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Figure 3.6  Regulatory motifs enriched in the promoter  of Pair VI and Pair VIII genes that displayed 
change of bias between low light (LL) and high light (EL)  in comparison to regulatory 
motifs enriched in the set of genes that did not displayed change of bias between low light 
(LL) and high light (EL) (Pair I, Pair V, Pair IX genes).  
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Table 3.1  RNA-Seq libraries processed and used in this analysis. Gray shading: allopolyploid species. E: 
high light, L: Low light. 
Genome group Species Accessions Processed reads Conditions 
AA Glycine canescens G1232 14,018,852 E 
AA Glycine clandestina G1126 8,121,993 E 
AA Glycine clandestina G1253 10,105,554 E 
AA Glycine syndetika G1300 4,468,894 E 
AA Glycine syndetika G2073 3,463,626 E 
AA Glycine syndetika G2321 14,361,579 E 
AADD Glycine dolichocarpa G1134 11,098,382 E 
AADD Glycine dolichocarpa G1134 9,301,651 E 
AADD Glycine dolichocarpa G1134 11,612,955 E 
AADD Glycine dolichocarpa G1134 12,246,610 E 
AADD Glycine dolichocarpa G1188 9,926,718 E 
AADD Glycine dolichocarpa G1393 11,039,887 E 
AADD Glycine dolichocarpa G1854 8,130,059 E 
AAEE Glycine tomentella T5 A58-1 8,869,285 E 
AAEE Glycine tomentella T5 G1487 9,258,115 E 
AAEE Glycine tomentella T5 G1969 6,848,931 E 
DD Glycine tomentella D3 G1366 10,204,132 E 
DD Glycine tomentella D3 G1403 6,682,510 E 
DD Glycine tomentella D3 G1820 10,369,569 E 
DD Glycine tomentella D3 G1820 14,857,864 E 
DDEE Glycine tomentella T1 G1288 6,986,775 E 
DDEE Glycine tomentella T1 G1361 7,318,925 E 
DDEE Glycine tomentella T1 G1763 10,444,983 E 
EE Glycine tomentella D1 G1156 13,908,638 E 
EE Glycine tomentella D1 G1157 6,876,192 E 
EE Glycine tomentella D1 G1316 10,688,083 E 
AA Glycine canescens G1232 7,018,982 L 
AA Glycine clandestina G1126 10,557,787 L 
AA Glycine clandestina G1253 12,026,871 L 
AA Glycine syndetika G1300 12,033,686 L 
AA Glycine syndetika G1300 8,779,679 L 
AA Glycine syndetika G2073 8,467,502 L 
AA Glycine syndetika G2321 12,475,725 L 
AADD Glycine dolichocarpa G1134 9,608,397 L 
AADD Glycine dolichocarpa G1188 8,378,459 L 
AADD Glycine dolichocarpa G1286 11,152,950 L 
AADD Glycine dolichocarpa G1393 10,538,698 L 
AADD Glycine dolichocarpa G1854 11,388,560 L 
AADD Glycine dolichocarpa G1854 13,862,254 L 
AAEE Glycine tomentella T5 G1487 11,750,071 L 
DD Glycine tomentella D3 G1364 10,200,527 L 
DD Glycine tomentella D3 G1366 10,175,494 L 
DD Glycine tomentella D3 G1403 9,610,421 L 
DD Glycine tomentella D3 G1403 14,832,997 L 
DD Glycine tomentella D3 G1820 11,370,859 L 
DDEE Glycine tomentella T1 G1288 6,780,779 L 
DDEE Glycine tomentella T1 G1361 13,124,568 L 
DDEE Glycine tomentella T1 G1763 11,118,338 L 
EE Glycine tomentella D1 G1156 8,921,664 L 
EE Glycine tomentella D1 G1157 9,522,925 L 
EE Glycine tomentella D1 G1316 10,213,642 L 
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Table 3.2  de novo transcriptome assembly of accessions selected as archetypes of A, D, and E genome 
groups. 
No. 
CSIRO 
accession 
number 
Species 
Number of 
reads 
Number of 
contigs 
Length (bp) 
Mean Maximum N50 
1 G1232 G. canescens 21,037,834 97,143 416 6,339 443 
2 G1156 G. tomentella D1 22,830,302 112,266 431 11,005 441 
3 G1820 G. tomentella D3 36,598,292 145,142 409 9,008 457 
 
Table 3.3  Distribution of differential expression states in allotetraploid Glycine relative to their diploid 
parents under two light conditions. 
Expression categories 
Number of genes 
Low light High light 
Additivity I 18 3 
  IX 14 1 
A-expression level dominance IV 27 6 
  IX 15 2 
D-expression level dominance II 9 5 
  XI 10 2 
Transgressive down regulation III 1 3 
  VII 4 2 
  X 12 2 
Transgressive up regulation V 6 2 
  VI 5 5 
  VII 2 1 
Undefined   12 1 
No change   4,925 5,025 
Total   5,060 5,060 
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Table 3.4  Genes with unequal expression levels and their expression patterns that are shared between the 
two gene sets displaying unequal expression levels under two different light conditions. ND: 
Not Determined. 
Gene names  
Low light High light 
Type 
At/Dt ratio 
(log2) 
Adjusted  
p-value 
Type 
At/Dt ratio 
(log2) 
Adjusted  
p-value 
Glyma06g19560.1 I -1.467366 3.50E-07 I -2.227659 3.42E-07 
Glyma08g01835.1 I -3.219678 2.54E-05 II -2.545968 0.05472986 
Glyma13g32970.1 I -1.932886 3.50E-07 II -1.832694 3.24E-05 
Glyma09g00510.1 IV ND ND XII ND ND 
Glyma19g22720.1 IV 2.129283 0.1103403 IV 1.956931 0.000278361 
Glyma06g36415.1 IX ND ND IX ND ND 
Glyma09g34440.1 X 2.495411 6.56E-07 IX 2.437921 2.23E-06 
 
Table 3.5  Distribution of genes for each homeolog expression bias category under low and high light 
conditions. 
Conditions 
Bias categories 
No bias A-bias D-bias Undefined 
Low light 616 1,390 1,474 11 
Hight light 603 1,352 1,521 15 
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Table 3.6  Results of Chi-Square tests for significance for genes in each homeolog expression bias 
category under low light conditions. 
Conditions 
Bias categories 
No bias A-bias D-bias 
Low light 616 1,390 1,474 
X2 = 385.717241 (df=2); p-value = 1.7481e-84 
    
Conditions 
Bias categories 
No bias A-bias D-bias 
Low light 616 1,390 1,474 
X2 = 2.463687 (df=1); p-value = 0.116505 
    
Conditions 
Bias categories 
No bias A-bias D-bias 
Low light 616 2,864 
X2 = 382.675862 (df=1); p-value = 3.25379e-85 
        
 
Table 3.7 Partition of Chi-Square test for genes in each homeolog expression bias category under high 
light conditions. 
Conditions 
Bias categories 
No bias A-bias D-bias 
High light 603 1,352 1,521 
X2 = 412.050058 (df=2); p-value = 3.34554e-90 
    
Conditions 
Bias categories 
No bias A-bias D-bias 
Low light 603 1,352 1,521 
X2 = 9.941167 (df=1); p-value = 0.00161622 
    
Conditions 
Bias categories 
No bias A-bias D-bias 
Low light 603 2,873 
X2 = 399.725115 (df=1); p-value = 6.32082e-89 
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Table 3.8 Chi-Square test table for genes in all homeolog expression bias categories between low and 
high light conditions. 
Conditions 
Bias categories 
No bias A-bias D-bias 
Low light 616 1,390 1,474 
High light 603 1,352 1,521 
X2 = 1.40052 (df=2); p-value = 0.496455 
         
 
Table 3.9 Distribution of genes in each of the nine possible pairings of homeologous expression bias 
categories between the LL and EL light conditions. 
                           High light 
Low light 
Bias categories 
Total 
No bias A-bias D-bias 
Bias 
categories 
No bias 221 201 190 612 
A-bias 195 981 206 1,382 
D-bias 183 168 1,120 1,471 
Total 599 1,350 1,516   
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Table 3.10  Expression of homeologous gene pairs under low (LL) and high light (EL) conditions for genes exhibiting unequal expression levels 
under low light (LL) conditions and its relationship with homeolog expression bias. 
Light 
condition 
Homeolog 
expression in 
tetraploids 
Categories 
Additivity 
A-expression 
level dominance 
D-expression 
level dominance 
Transgressive down-
regulation 
Transgressive up-
regulation 
I XII IV IX II XI III VII X V VI VIII 
Low light A > D 4 5 11 0 2 2 0 3 5 0 3 2 
  D > A 11 1 4 8 4 4 0 0 2 5 1 0 
  A = D 1 1 6 1 1 1 0 0 1 0 0 0 
  A > D (%) 25.0 71.4 52.4 0 28.6 28.6 0 100 62.5 0 75 100 
  D > A (%) 68.75 14.3 19.0 88.9 57.1 57.1 0 0 25.0 100 25 0 
  A = D (%) 6.25 14.3 28.6 11.1 14.3 14.3 0 0 12.5 0 0 0 
  Not determined 2 7 6 6 2 3 1 1 4 1 1 0 
High light A > D 2 4 12 0 1 1 0 3 3 1 3 2 
  D > A 11 1 4 8 5 3 0 0 2 3 1 0 
  A = D 3 2 5 1 1 3 0 0 3 1 0 0 
  A > D (%) 12.50 57.1 57.1 0 14.3 14.3 0 100 37.5 20 75 100 
  D > A (%) 68.75 14.3 19.0 88.9 71.4 42.9 0 0 25.0 60 25 0 
  A = D (%) 18.75 28.6 23.8 11.1 14.3 42.9 0 0 37.5 20 0 0 
  Not determined 2 7 6 6 2 3 1 1 4 1 1 0 
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Table 3.11  Expression of homeologous gene pairs under low (LL) and high (EL) light conditions for genes exhibiting unequal expression level 
under high light (EL) conditions and its relationship with homeolog expression bias. 
Light 
condition 
Homeolog 
expression in 
tetraploids 
Categories 
Additivity 
A-expression 
level dominance 
D-expression 
level dominance 
Transgressive down-
regulation 
Transgressive up-
regulation 
I XII IV IX II XI III VII X V VI VIII 
Low light A > D 0 0 5 0 1 2 1 1 1 0 1 0 
  D > A 3 0 0 0 3 0 1 1 0 1 2 1 
  A = D 0 0 1 0 0 0 0 0 0 0 0 0 
  A > D (%) 0 0 83.3 0 25 100 50 50 100 0 33.3 0 
  D > A (%) 100 0 0.0 0 75 0 50 50 0 100 66.7 100 
  A = D (%) 0 0 16.7 0 0 0 0 0 0 0 0.0 0 
  Not determined 0 1 0 2 1 0 1 0 1 1 2 0 
High light A > D 0 0 6 0 1 2 1 1 1 0 2 0 
  D > A 3 0 0 0 2 0 1 0 0 1 1 1 
  A = D 0 0 0 0 1 0 0 1 0 0 0 0 
  A > D (%) 0 0 100 0 25 100 50 50 100 0 66.7 0 
  D > A (%) 100 0 0 0 50 0 50 0 0 100 33.3 100 
  A = D (%) 0 0 0 0 25 0 0 50 0 0 0.0 0 
  Not determined 0 1 0 2 1 0 1 0 1 1 2 0 
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Table 3.12  List of enriched motifs in the soybean orthologs of genes in Pair VI and Pair VIII based on 
Sift analysis. 
Group Motif size Motifs 
Occurences 
in gene sets 
(%) 
Occurences 
in genome 
(%) 
p-value 
Pair VI 
5-mer ANGTG 100% 96% P=1.67e-05 
 
AAATA 100% 96% P=3.71e-05 
 
TNCNG 100% 96% P=3.73e-05 
6-mer ANGAAA 100% 96% P=1.65e-05 
 
AANATA 100% 96% P=2.35e-05 
 
TAAATT 97% 92% P=2.71e-05 
 
TGAANT 99% 95% P=1.56e-05 
 
GNGNAA 100% 96% P=1.36e-05 
7-mer ANAAACA 93% 84% P=2.57e-06 
  ATCATNC 57% 43% P=1.67e-06 
Pair VIII 
4-mer GAAC 100% 94% P=2.18e-06 
5-mer ANACG 97% 88% P=1.17e-07 
 
GNNCG 98% 91% P=2.97e-06 
 
GNTGG 97% 90% P=4.88e-06 
6-mer CCANNC 97% 90% P=4.40e-06 
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Table 3.13 List of promoter motifs enriched in the promoter region of the soybean orthologs of genes in 
Pair VI and Pair VIII based on Elefinder analysis. 
Group Motif Sequence e-value 
Number of 
genes 
Pair VI 
AP1_BS in AP3 CCATTTTTAG 3.06E-04 5 
SORLREP2  TT[AT]TACTAGT 1.03E-02 8 
ACE GACACGTAGA 1.20E-02 1 
SBP TNCGTACAA 1.96E-02 5 
Nonamer AGATCGACG 2.39E-02 1 
LTRE ACCGACA 2.53E-02 19 
AG_BS CCATTTTTAGT 5.11E-02 3 
DPBF1&2 ACACNNG 5.19E-02 100 
EveningElement AAAATATCT 5.32E-02 32 
Z-box ATACGTGT 7.60E-02 12 
Pair VIII 
ERF1 BS in AtCHI-B / GCC-box GCCGCC 3.79E-07 11 
SORLIP2 GGGCC 2.43E-05 70 
GATA (A/T)GATA(G/A) 1.50E-04 1 
Box II GGTTAA 3.63E-02 101 
ARF1 TGTCTC 4.44E-02 79 
ACE GACACGTAGA 5.66E-02 1 
TGA1 TGACGTGG 6.31E-02 4 
Hexamer CCGTCG 8.17E-02 11 
L1-box TAAATG(C/T)A 1.14E-01 1 
SORLREP2 ATAAAACGT 1.75E-01 4 
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CHAPTER 4: CONCLUSION 
 
In this study we have shown the advantages of an RNA-Seq based approach to study 
plant species that would previously not have been possible, due to limited genomic resources. 
Here we repurposed transcriptomic datasets that were originally designed for studying the stress 
tolerance of allotetraploid Glycine against high light conditions (EL) (Coate et al., 2013). We 
used the transcriptomic dataset to identify orthologous genes shared between soybean and the 12 
diploid wild Glycine accessions. Tests were performed to detect positively selected genes across 
all of the four genome lineages encompassing soybean and the 12 diploid wild Glycine 
accessions. We also investigated the differential expression of genes between allotetraploid G. 
dolichocarpa and its diploid genome progenitors, biased expression of the gene’s homeologs, 
and how this pertains to abiotic EL stress. Another study that repurposed the same transcriptomic 
datasets used in this study was performed by Bombarely et al. (2014) and focused on clarifying 
the origins of the genomes of the three allopolyploid species, G. dolichocarpa, G. tomentella T1, 
and G. tomentella T5 using phylogenetic and population genomic approaches based on Single 
Nucleotide Polymorphism (SNP) data and a guided transcriptome assembly. 
We have successfully performed de novo transcriptome assemblies of 12 diploid wild 
Glycine accessions representing five Glycine species. When performing Reciprocal Best BLAST 
Hit (RBH) analysis to find orthologous genes shared between soybean and the 12 wild Glycine 
accessions, we found only 2,430 orthologous genes with high confidence. Using RBH analysis to 
identify high confident orthologs shared between soybean, G. canescens (CSIRO accession 
number G1232), and G. syndetika (CSIRO accession number G1820), used in the creation of a 
Hybrid Pseudotranscriptome (HPT), we were only able to identify 9,320 high confidence 
orthologs. We believe that the low number of high confidence orthologous in both RBH analyses 
were caused by the poor sensitivity of the RBH method to discern orthologs from paralogs in our 
transcriptome assemblies. Soybean itself has been shown to be a paleopolyploid that has 
undergone a diploidization process since its last polyploidization events circa 13 Million Years 
ago (MYa) (Doyle and Egan, 2010; Gill et al., 2009). Traces of recent Whole Genome 
Duplication (WGD) can be found in the genome in the form of large pairs of syntenic 
chromosome fragments (Schmutz et al., 2010; Severin et al., 2011). The notion that the soybean 
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genome contains a high number of duplicated genes has been reported by Han et al. (2014) 
where approximately only 5% of soybean genes were found to be single copy. Roulin et al. 
(2013) also reported that around 75% of the genes in the soybean genome were present in 
multiple copies. Future research involving identifying orthologous genes in soybean or other 
wild Glycine species should therefore take into account the high number of duplicated genes in 
the genome of the species in the genus Glycine. 
We found 5 genes with signs of non-neutral evolution as suggested by their dN/dS ratio, 
which was greater than one. Genes were reported as showing signs of non-neutral evolution in 
the A genome lineage (Glyma15g05580), the D genome lineage (Glyma13g41960), the E 
genome lineage (Glyma11g37660 and Glyma16g01120), and the soybean genome lineage 
(Glyma02g00320). Based on the soybean genome annotation, Glyma02g00320 encodes for a 
BolA4-like protein and is of particular interest because it was reported to have dN/dS ratio of 
1.16, which is a strong indication of positive selection acting on this gene specifically in the 
soybean lineage. Multiple sequence alignments between the orthologs in soybean and wild 
Glycine accessions reveal several non-synonymous SNPs that are specific to the soybean lineage. 
It also reveals a 24 base pair sequence deletion located at the N-terminal region of the predicted 
protein localization signals, which could lead to an increase in the amount of BolA4-like protein 
targeted to mitochondria, based on in silico analysis. 
 Despite the conservation of BolA4-like protein across all prokaryotes and eukaryotes, 
little is known of its molecular function. Studies in Arabidopsis revealed that a BolA-like protein 
can interact with a wide range of monothiol glutaredoxins, a group of proteins involved in 
maintaining redox balance in the cytosol, plastid and mitochondria (Couturier et al., 2014). This 
interaction is achieved through the formation of a [2Fe-2S]-bridge (Fe-S cluster) between the 
two proteins, forming a heterodimer. It is believed that the heterodimer can act as a way to 
maintain redox balance in cells under normal conditions through sequestration of glutaredoxin 
(Qin et al., 2015). The heterodimer itself could be seen as an intracellular sensory mechanism 
that senses possible stress conditions that could disrupt the stability of proteins relying on the Fe-
S cluster for their function. Given the role of mitochondria in maintaining redox balance in the 
cell, a shift in the distribution of BolA4-like protein would lead to an increase in concentration of 
BolA4-like protein and a possible increase in the sequestration of mitochondrial GRSX through 
the formation of BolA4-GRSX heterodimer. Whether the possible changes in the distribution of 
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BolA4-like protein between plastids and mitochondria could lead to a drastic change in redox 
balance in soybean compared to wild Glycine is still an open question that will merit further 
investigation. 
We also explored the expression of homeologs in allotetraploid G. dolichocarpa in 
relation to accessions identified as close to its diploid A and D genome progenitors under two 
different light conditions. We first compared the expression level of genes between the diploid 
progenitors from the A and D genomes with allotetraploid Glycine. We found that only a small 
percentage (123 and 34 genes under LL and EL respectively) of the genes observed exhibited 
unequal expression bias (UEX). This is different from what has been previously reported in 
cotton (Yoo et al., 2013) and coffee (Bardil et al., 2011). Given the small number of genes 
observed and the experimental design; further study will be needed to confirm the existence of 
expression level dominance in allotetraploid Glycine.  
We also look at the bias in the expression of homeologs from the different sub genomes 
in polyploid species. We found that the majority of the genes in allotetraploid Glycine exhibited 
bias towards either the A genome or the D genome under LL or EL. We found two sets of genes 
that shifted their pattern of homeolog expression bias between LL and EL (one set showing A 
bias in LL and D bias in EL, the other the reverse). Analysis of the promoter regions of the 
soybean orthologs of the two sets of genes revealed two distinct, non-overlapping patterns of 
enrichment of regulatory motifs in the two sets, related to light and hormone responsive gene 
regulatory networks. Taken together, this would suggest either a type of expression sub-
functionalization of entire functional networks of homeologs in allotetraploid Glycine, or a 
retention in the tetraploid of two differentially responsive networks inherited from the two 
progenitors. The results of this study contribute to our understanding of the role of homeolog 
expression bias in the greater adaptability exhibited by allopolyploid species. Further research 
will be needed to shed light on the underlying molecular mechanisms responsible for the 
observed differential pattern of homeolog expression bias after exposure to EL. We believe that 
the results of this study contribute greatly to our understanding on the evolution of both the 
diploid and allotetraploid species in the genus Glycine. 
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APPENDIX A: SOURCE CODE, LOG FILE, AND RMARKDOWN FILES 
USED IN THE ANALYSES 
 
All the Perl source codes, bash script files, log files, and Rmarkdown files used in the 
analyses reported in this thesis can be found in the supplemental file named 
analysis_workflow.zip. 
 
